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i ABSTRACT 
ABSTRACT 
One of the greatest challenges in silicon photonics has been to induce light emission in 
silicon, with the ultimate vision is to have fully silicon based photonics emitters or lasers which 
can operate by both optical and electrical pumping.  
 
Comprehensive photoluminescence (𝑃𝐿) and electroluminescence (𝐸𝐿) studies are 
conducted on dislocation engineering light emitting diode structures based on silicon implanted 
(𝑆𝑖: 𝐵) with 𝐶𝑒, 𝐸𝑢 and 𝑌𝑏 rare earths (𝑅𝐸)  ions. The 𝑃𝐿 and 𝐸𝐿 results show very bright 
luminescence intensity and dramatic red shifting in luminescence peaks which shows a possible 
novel phenomenon of 𝑅𝐸 energy transition modification. The modification is attributed to the 
direct transition from 𝑆𝑖 conduction band edge to 𝑅𝐸 manifolds 𝐹2 7/2, 𝐹
2
5/2 for 𝐶𝑒
3+, 
𝐹7 𝑗  (𝑗 = 0 to 4) for 𝐸𝑢
3+, 𝐹2 5/2 and 𝐹
2
7/2 for 𝑌𝑏
3+.  
 
The emissions are shifted from the conventional lowest internal energy transition in 𝐶𝑒3+ 
from around blue spectrum at ~350 𝑛𝑚 (due to 𝐷3/2
2  excited state to the 𝐹2 7/2, 𝐹
2
5/2 
transitions) to ~1.35 µ𝑚 in 𝑆𝑖: 𝐵&𝐶𝑒. For 𝐸𝑢3+ the emission is shifted from around the red 
spectrum at ~600 𝑛𝑚 (due to 𝐷0
5  excited state to the 𝐹7 𝑗  transitions,  𝑗 = 0 to 4) to 
~ 1.40 µ𝑚 in 𝑆𝑖: 𝐵&𝐸𝑢 and for 𝑌𝑏3+ is shifted from slightly beyond the visible region at 
~980 𝑛𝑚 (due to 𝐹2 5/2 excited state to the 𝐹
2
7/2 transition) to ~ 1.43 µ𝑚 in 𝑆𝑖: 𝐵&𝑌𝑏 
samples. The new shifting of luminescence peak into 𝑁𝐼𝑅 region is very important for optical 
communication in making 𝐿𝐸𝐷𝑠 and lasers. 
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The implantation dose ranges from 1012 to 1014 𝑐𝑚−2. The samples are excited 
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1. INTRODUCTION 
This chapter covers the aim and objectives of this research, the outline structure of how 
the thesis is presented, the novelty of the works conducted in the thesis and literature review 
which points out the research problems, motivations, central idea and concepts of the research. 
This chapter will also provide an overview of the importance of this research and explain the 
fundamental background knowledge required to understand this research.  
1.1 RESEARCH AIM AND OBJECTIVES 
The aim of this research is to apply the dislocation engineering (𝐷𝐸) technology [1] to 
study the luminescence properties emitted from different 𝑅𝐸 elements which are cerium (𝐶𝑒), 
europium (𝐸𝑢) and ytterbium (𝑌𝑏) doped into silicon (𝑆𝑖) samples for making active 𝑆𝑖 
photonic devices.  
 
The objectives of this research are to perform comprehensive photoluminescence (𝑃𝐿) 
and electroluminescence (𝐸𝐿) studies on the set of 𝑅𝐸𝑠 doped in 𝑆𝑖 samples in order to 
characterize and optimize the samples to obtain the optimum fabrication parameters for making 
active 𝑆𝑖 photonic devices. The studies include introducing dislocation loops into the samples, 
varying the volume concentration of 𝑅𝐸 ions implanted in 𝑆𝑖 samples, varying the annealing 
treatment’s temperature and time, varying the temperatures of the sample, investigate co-
implanting with oxygen (𝑂) and compare the performance of the samples when fabricated on 
bulk 𝑆𝑖 and silicon-on-insulator (𝑆𝑂𝐼) platform. The investigation will focus within the near-
infrared (𝑁𝐼𝑅) region of 1.1 to 1.8 𝜇m covering the extended optical communication band.  
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1.2 THESIS OUTLINE 
This thesis is organised into 8 chapters which include the introduction of the thesis, 
background knowledge, experimental methods, experimental results, discussion of the results, 
and summary of the thesis. A brief explanation of each chapter and what it covers is provided 
as follows: 
 
Chapter 1:  Introduction – This chapter highlights the research’s aim and objective, the novelty 
of the research and we provide a literature review which touches on these few points: 
• The importance of 𝑆𝑖 technology 
• Limitations of electrical interconnects between transistors in today’s microprocessors. 
• The needs of 𝑆𝑖 photonics as one of the solutions to overcome the limitations.  
• Developments of 𝑆𝑖 photonics devices. 
• The crucial implementation of dislocation engineering and incorporation of rare-earth 
elements into 𝑆𝑖 in making 𝐶𝑀𝑂𝑆 compatible active 𝑆𝑖 photonic devices, especially 
light source. 
 
Chapter 2: Background Knowledge – This chapter provides readers with fundamental 
knowledge on theories and concepts which are required to better understand the works 
presented in this thesis. This chapter covers the basics of bulk 𝑆𝑖, the optical processes involve 
in 𝑆𝑖, ion implantation and annealing treatment process which are the main techniques used in 
fabricating the samples used in the experiments.   
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Chapter 3: Experimental Methods – This chapter describes detail process of fabricating and 
preparation of 𝑃𝐿, 𝐸𝐿 and 𝑆𝑂𝐼 samples and the characterization techniques of 𝑃𝐿 and 𝐸𝐿 used 
in the experiments. Fundamental processes which occur in the samples during 𝑃𝐿 and 𝐸𝐿 
measurements are also explained in this chapter.  
 
Chapter 4 - 6: Europium Doped in Silicon – These chapters presents the 𝑃𝐿 and 𝐸𝐿 results 
obtained from the experiments on 𝐸𝑢, 𝐶𝑒, 𝑌𝑏 doped in 𝑆𝑖 samples. The 𝐸𝑢 doped 𝑆𝑖 results 
are presented first before 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 because 𝐸𝑢 doped 𝑆𝑖 is studied the most in this 
thesis as the sample is able to emit highest luminescence intensity among the 3 𝑅𝐸 elements 
studied.  
 
Chapter 7: Results Discussion – This chapter discusses the 𝑃𝐿 and 𝐸𝐿 results as presented in 
chapter 4, 5 and 6 in more detail. The chapter also highlights the contributions which these 
studies have given to the field. 
 
Chapter 8: Conclusion and Future Works – This chapter concludes all the main findings of 
the 𝑃𝐿 and 𝐸𝐿 studies conducted in this thesis and compares against the initial aim and 
objectives of the studies. The chapter also highlights some of the possible areas which can be 
further investigated and studied for improvement of the devices.  
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1.3 NOVELTY OF WORK 
The 𝑃𝐿 and 𝐸𝐿 results from 𝐶𝑒, 𝐸𝑢 and 𝑌𝑏 doped Si samples with dislocation loops show 
very bright emission intensity together with surprisingly dramatic red shifting in luminescence 
peaks which shows a novel phenomenon of 𝑅𝐸 energy transition modification. The 
modification is attributed to the direct transition from 𝑆𝑖 conduction band edge to 𝑅𝐸 
manifolds 𝐹2 7/2, 𝐹
2
5/2 for 𝐶𝑒
3+, 𝐹7 𝑗  (𝑗 = 0 to 4) for 𝐸𝑢
3+, 𝐹2 5/2 and 𝐹
2
7/2 for 𝑌𝑏
3+. The 
emissions are shifted from the conventional lowest internal energy transition in 𝐶𝑒3+ from 
~350 𝑛𝑚 around the blue spectrum to ~1.35 µ𝑚 in 𝑆𝑖: 𝐶𝑒. For 𝐸𝑢3+ the emission is shifted 
from ~600 𝑛𝑚 around the red spectrum, to ~ 1.40 µ𝑚 in 𝑆𝑖: 𝐸𝑢 and for 𝑌𝑏3+ is shifted from 
~980 𝑛𝑚 near the 𝑈𝑉 region, to ~ 1.43 µ𝑚 in 𝑆𝑖: 𝑌𝑏 samples. This new shifting of 
luminescence peak into 𝑁𝐼𝑅 region is very important for optical communication. To the best 
of our knowledge, this dramatic red shifting in luminescence peaks have not been recorded 
previously in other literatures on 𝑆𝑖 and other semiconductors. 
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1.4 LITERATURE REVIEW 
1.4.1 Silicon Technology 
Microelectronics has undergone incredible development for more than 50 years after 
its inception in 1960𝑠 and now has become a mature technology which dominates many 
aspects of daily modern life. In the 20𝑡ℎ century, the development of this technology 
revolutionized many sectors especially information science, telecommunication and 
engineering sectors. It is hard to identify other advances that can influence beneficially on daily 
living, today microelectronics can be found in almost every electronic equipment used ranging 
from space to medical sectors to household equipment such as the washing machine. Smart 
phones and the internet are now widely used and the number of users continues to double each 
few months [2], again showing the growth and importance of microelectronics. 
 
For more than 50 years, 𝑆𝑖 is used widely in microelectronics as 𝑆𝑖 is the main 
semiconductor material. 𝑆𝑖 is dominating the semiconductor market by covering more than 
90% of the semiconductor chip market where the rest is dominated by 𝐼𝐼𝐼 − 𝐼𝑉 
semiconductors. From discrete copper wires and vacuum tubes, electronics has evolved to the 
integrated circuit which has billions of transistors with copper interconnection fabricated into 
one 𝑆𝑖 microprocessor chip in the last century. The processing speed and power exponential 
growth in microprocessor chips which have driven the electronics and computing sectors the 
past three decades is achieved from scaling down the active transistor’s dimensions and gate 
length enabling more and more transistors in the same area of 𝑆𝑖 chip. From a big size computer 
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shrinking to desktop size then to laptop size and now pocket size smart phones show how the 
computer microprocessor chip has evolved throughout generations.  
 
1.4.2 Electrical Interconnect Limitation 
As Moore predicted in 1965 [3], the number of transistors per unit area on a chip will 
double for every 18 to 24 month, and increase exponentially with time as shown in figure 1.  
Moore’s Law is still used as a baseline assumption in the microprocessor industry strategic 
road map for the last few decades and the projection capabilities of semiconductors and 
successors technologies still looking possible up to year 2050 [4].  
  
Figure 1: Number of Microprocessor transistor count since 1971 to 2011 following the trend predicted by 
Moore’s Law. Graph is copied from [5]. 
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Following the trend of the industry strategic road map, the physical dimensions of 
transistors will continue to scale down for several more generations. However, the time taken 
for electrons to propagate between the copper interconnection between transistors does not 
scale down.  
 
The main concern for the next few generations of 𝑆𝑖 microprocessors is the future 
bottleneck affected by drawbacks in on-chip electrical interconnects such as delay in electron 
propagation, energy dissipation and bandwidth limitation. As the size of the individual 
transistor is reduced, the packing density of transistors on a single microprocessor chip is larger 
making the total length of copper interconnects to sum up to more than several kilometres per 
chip, causing more and more time taken for electrons to propagate between transistors. Copper 
interconnects can also cause limitation in bandwidths above 10 𝐺𝐻𝑧 even at small transmission 
distances caused by frequency-dependent losses such as dielectric losses and skin effect [6]. 
The limitations caused by copper connection and reduction in transistor size will eventually 
provide an ultimate and imminent limit to computer performance. Thus, a solution is required 
to tackle the interconnection problem.  
 
The performance of the interconnection can be improved by widening the thickness 
trace of the copper and using low 𝐾 dielectric, etc., but this approach will increase the 
manufacturing cost and reducing the returns. Replacement of at least some of the metal 
interconnection with optical data transfer on chip is currently widely seen as the main solution 
to this problem [7]. However, the ideal solution is to have an optical emitter such as Light 
Emitting Diode (𝐿𝐸𝐷𝑠) or laser in 𝑆𝑖 itself [8].  
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1.4.3 The need for Silicon Photonics 
The signalling limitations cause increase in needs for optical or photonics based 
solution.  By replacing copper interconnection with photonic devices, it should be able to 
virtually eliminate delay, power dissipation, and cross talk in signal propagation [9]. However, 
in applying the technology to the mass market, the optical solution must be based on low-cost 
semiconductor materials and used a Complementary Metal-Oxide Semiconductor (𝐶𝑀𝑂𝑆) 
compatible technology as 𝐶𝑀𝑂𝑆 logical circuits are the building blocks for all microprocessors 
with incredible power efficiency advantages. 
 
The most preferred candidate material for making photonic devices is 𝑆𝑖 as it is already 
unrivalled in microelectronics due to its low-cost 𝐶𝑀𝑂𝑆 compatible material, has good thermal 
conductivity, mechanical strength as well as abundance in term of resources and these are the 
main reason why 𝑆𝑖 has dominated the electronic semiconductors market for decades. In spite 
of its predominance in electronics, in realizing a laser or optical emitter in 𝑆𝑖 the fundamental 
obstacle was understood that for photon emission to occur, law of conservation of energy and 
momentum must be obeyed and crystalline or bulk 𝑆𝑖 material is unable to fulfil the 
conservation of energy and momentum law as 𝑆𝑖 has an indirect bandgap. 
 
Figure 2 shows the indirect band-gap of 𝑆𝑖 on the right compare to a direct band-gap of 
a 𝐼𝐼𝐼 − 𝐼𝑉 semiconductor on the left. The upper electronic state is called the conduction band 
(𝑆𝑖𝐶𝐵) while the lower electronic state is called the valence band (𝑆𝑖𝑉𝐵). The minimum energy 
point of the 𝑆𝑖𝐶𝐵 which is where the electrons are located is not aligned or directly above the 
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maximum energy point of the 𝑆𝑖𝑉𝐵 where the free holes are located at a different momentum 
value.  
 
Figure 2: Energy band diagram and major carrier transition processes in 𝐼𝑛𝑃 (Direct band-gap) and 𝑆𝑖 crystal 
(Indirect band-gap). Illustration copied from [10]. 
 
In order for a radiative transition to occur, an excited electron at the 𝑆𝑖𝐶𝐵 which is in 
the higher energy band has to go through a band-band transition to return to 𝑆𝑖𝑉𝐵 its lower 
energy band and releases its energy in form of a photon or light. Detail of the radiative process 
is explained and illustrated in figure 47 in chapter 3.3.1. But, as the maximum and minimum 
of each band is not at the same crystal momentum, the transition requires a third particle to 
carry away the excess momentum in a form of heat or a phonon to accommodate the momentum 
mismatch, which results in very long lifetime or slow emission optical rates which rarely 
happens.  
 
As nonradiative recombination route is faster and the recombination is more likely to 
occur than radiative recombination, they tend to dominate the relaxation band to band transition 
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process of the excited electrons in the  𝑆𝑖𝐶𝐵. The auger recombination is the major nonradiative 
process which often dominates. Auger effect is a physical phenomenon in which an electron or 
hole absorbs the energy released from another electron-hole recombination and is excited to a 
higher energy level. The probability of Auger recombination to take effect is higher with higher 
injected free carrier density and lower bandgap energy. The other significant nonradiative 
recombination is the free carrier absorption where the electron or free carrier jumps to a higher 
energy level when external photon energy is absorbed. The quantum efficiency which is the 
ratio of electron-hole pair being excited against electron-hole pair that radiatively recombine, 
in 𝑆𝑖 is very low in the order between 10−5 to 10−6 [10], [11] which in principle makes 𝑆𝑖 very 
inefficient in making 𝐿𝐸𝐷𝑠. 
 
In a direct-band gap semiconductor material, the minimum energy point of the  𝑆𝑖𝐶𝐵 is 
directly above the maximum energy point of  𝑆𝑖𝑉𝐵 so both points share the same crystal 
momentum. Thus luminescence in this material occurs far more efficiently as momentum is 
readily conserved when an electron from the higher energy state in the  𝑆𝑖𝐶𝐵 recombines with 
a hole in the lower energy state. In a good quality crystal, the radiative recombination occurs 
most often and dominates the competing nonradiative recombination, resulting in very high 
conversion efficiency. Due to the high quantum efficiency of 𝐼𝐼𝐼 − 𝑉 semiconductor based 
material such as 𝐼𝑛𝑃-, 𝐺𝑎𝑁- and 𝐺𝑎𝐴𝑠-, they have been the favourite and dominant material 
since 1962 for semiconductor diode lasers. 
 
However, despite materials of 𝐼𝐼𝐼 − 𝑉 semiconductor group making good optical 
emitters, they are not compatible with the processing methodology of mainstream 𝑆𝑖 𝐶𝑀𝑂𝑆. 
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Alternatively, 𝐼𝐼𝐼 − 𝑉 and 𝑆𝑖 semiconductors can be hybridized such as placing a laser diode 
onto 𝑆𝑖. For a high added value system such as optical communication platform, this hybrid 
method has been used but applying the same method into microprocessor chips of high packing 
density and ultra-small feature size would increase the complexity and relative expensive for 
mass production plus it is technically difficult. Given the hybrid optical emitter is highly 
problematic, the ideal solution is to have the light emitting device in 𝑆𝑖 itself. 
 
1.4.4 Development of Silicon Photonics 
The pioneering work of integrated photonics which leads to the development of 𝑆𝑖 
photonics later on  was done by Soref et al around the mid-1980𝑠 [12]–[14] and since then the 
development of 𝑆𝑖 photonic technology has mainly focused on switches, waveguides and 
modulators [15]–[17]. For interested reader, details of the history of 𝑆𝑖 photonics has been 
written by G. Reed [18].  
 
The development in this field starts to gain a significant momentum with an enormous 
amount of interest in the mid 2000𝑠 [8], [19] and there are tremendous developments as 
required for 𝑆𝑖 photonics platform in other 𝑆𝑖 photonic devices for the past few years [1], [20]–
[29]. Some other current and future applications in 𝑆𝑖 photonics are switched networks, radio 
frequency/wireless photonics, specialized signal processing, telecommunication, data 
communication, spectrometer-on-chip, laboratory-on-a-chip, analogue to digital conversion, 
photonic sensing of physical/chemical/biological variables, medical diagnosis, bionics, neural 
networks,  optical storage, optical logic, imaging, and more [30]. Amongst the latest 
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development in Si-based waveguide, detectors, modulators, filters and lasers is reviewed by 
Zhou Fang and Ce Zhou Zhao [31].  
 
The rapid advancement for over the past two decades in 𝑆𝑖 photonics is not only driven 
by the need for lower cost photonic 𝐼𝐶, more complex and higher functionality but also is 
required by the Technology Roadmap for Semiconductors (𝐼𝑇𝑅𝑆) [32].  
 
1.4.5 Development of Silicon Lasers 
The weakest point in the 𝑆𝑖 photonics platform is the lacking of effective electrically 
pumped light source – lasers, 𝐿𝐸𝐷𝑠 and optical amplifiers in 𝑆𝑖 using a 𝐶𝑀𝑂𝑆 compatible 
technology for inter and intra-chip optical data transfer and full implementation of 𝑆𝑖 photonic 
systems. In 𝑆𝑖 photonics, the light source including 𝑆𝑖 lasers is the most challenging and 
considered as the holy grail of 𝑆𝑖 photonics for semiconductor scientists and they are urgently 
required by the European Commission Technology Roadmap [7]. 
 
Within a few years after the birth of the laser, research for lasing on 𝑆𝑖 substrate has 
been made by many engineer and scientist [13]. The more recent discovery of light emission 
in the year 1990 from porous 𝑆𝑖 [33] created much interest and since then there have been 
tremendous efforts and approaches worldwide in developing efficient optical emitters in 𝑆𝑖 
based devices including erbium in 𝑆𝑖 [34], 𝑆𝑖 / 𝑆𝑖 dioxide superlattices [35], Porous 𝑆𝑖 [36], 𝑆𝑖 
/ 𝐺𝑒 [37] and 𝑆𝑖 nanocrystals [38]. The common problems identified for many of the 𝑆𝑖 based 
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optical devices are incapable of being electrically pumped efficiently and have the strong effect 
of luminescence reduction with temperature known as thermal quenching making these devices 
inefficient for room temperature applications. 
 
There have been reports of optical gain in crystalline 𝑆𝑖 by utilizing the Raman Effect 
known as 𝑆𝑖 Raman laser [23]–[25] as well as using phase matched four wave mixing [27]. But 
neither of these devices are capable of emitting light by electrical pumping due to fundamental 
reasons discussed earlier.  
 
It should be noted that the true gem is to have 𝑆𝑖 optical lasers which are able to be 
electrically driven to provide improvement in modulation speed and power efficiency. The 
other constraint for 𝑆𝑖 optical emitter technology is for it to be closely compatible with 𝑆𝑖 ultra 
large scale integrated (𝑈𝐿𝑆𝐼) technology due to the large investment in the microelectronics 
industry.  
 
In 1997, a major breakthrough was made by a group of researchers led by K.P 
Homewood at University of Surrey. They have made the first 𝐿𝐸𝐷 which was fabricated in 
bulk 𝑆𝑖 by integrating iron disilicide [39]. But this device also suffered from thermal quenching 
effect meaning this device can only effectively operate in low temperature conditions. Later 
in 2001, the same group made another major breakthrough by developing a new approach 
using Dislocation Engineering to solve the thermal quenching problem in bulk 𝑆𝑖 𝐿𝐸𝐷𝑠 [1]. 
The new proposed method Dislocation Engineering (𝐷𝐸) was not only able to solve the general 
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thermal quenching problem found in semiconductors but also used the standard 𝑈𝐿𝑆𝐼 tools and 
was completely compatible with conventional 𝑆𝑖 technology.   
 
Thermal quenching is the result of the competition between radiative recombination 
which is already temperature dependent against the dominating nonradiative recombination 
through diffusion of carriers to point defects. This effect is stronger in indirect band gap 
materials as the radiative transition has a very long recombination lifetime. Theoretically, the 
radiative emission can be enhanced if the route for nonradiative recombination can be 
prevented, one of the ways is to prevent carrier diffusion.  
 
The idea of the 𝐷𝐸 method is to control the dislocation loop size and density which is 
introduced using ion implantation of a simple dopant such as boron into bulk 𝑆𝑖 at standard 
doses and energies followed with subsequent annealing treatments. This will introduce a field 
of stress outside the loops which modifies the 𝑆𝑖 bandgap as band energies of all 
semiconductors are strain dependent. By engineering the dislocation loops, the strain field in 
the 𝑆𝑖 lattice can be controlled which leads to the ability to modify the bad gap energies between 
the 𝑆𝑖𝐶𝐵 and 𝑆𝑖𝑉𝐵. By increasing the 𝑆𝑖 bandgap energy, spatial confinement is created which 
acts as an energy barrier to suppress the nonradiative recombination and forcing the injected 
electrical carriers to recombine radiatively. 
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1.4.6 Dislocation Engineered Light Emitting Diodes (𝑫𝑬𝑳𝑬𝑫𝒔) 
Dislocation loops were previously studied intensively along with other linear defects as 
residual damage caused by post ion implantation doping effect in bulk 𝑆𝑖. The dislocations 
were considered as unwanted defects or failure mechanisms as these defects enhance diffusion 
of dopants. These studies [16], [40]–[47], done systematically on the growth, transformation 
and nucleation of these defects aimed to understand the effects of the defects and possibly 
minimize or even eliminate them. Now by having the defects produced deliberately and 
engineered systematically these defects are able to provide a solution to the general thermal 
quenching problem in semiconductors. The details of the 𝐷𝐸 approach can be found in these 
papers [1], [48]–[53], consequently this thesis only covers some of the basic aspects of the 
approach for better understanding of later chapters of the report. 
 
Figure 3 shows the formation of dislocation loops, where 𝑆𝑖 is implanted with boron to 
form a 𝑝 − 𝑛 junction for making 𝐿𝐸𝐷 structures and is also used for introducing dislocation 
loops. The crystalline 𝑆𝑖 lattice structure will be disordered due to initial bombardment of boron 
ions into 𝑆𝑖. An annealing process made subsequently provides energy for the disordered boron 
atoms to move and to be placed on to the 𝑆𝑖 lattice site and electrically activates the implanted 
dopants. As boron atoms have substituted the 𝑆𝑖 atoms on the 𝑆𝑖 lattice site, the equal numbers 
of 𝑆𝑖 atoms have now become an excess interstitial population. With enough energy from the 
annealing process the 𝑆𝑖 atoms can form clusters of one atom thick crystalline planes of 𝑆𝑖 
atoms know as dislocation loops. The condition for boron implantation and annealing treatment 
after implantation play a vital role on the microstructure of the dislocation loops formed. 
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Figure 3: A schematic showing the formation of dislocation loops by ion implantation: 𝑎) the implantation 
process, 𝑏) the disordered lattice after implantation and 𝑐) the annealing step showing activation of implant and 
formation of the loop from the excess interstitials. Illustration copied from [54]. 
 
By changing the parameters of the implantation and annealing condition the size and 
distribution of the dislocation loops can be engineered. The formation of dislocation loops 
using boron implantation is studied in more detail by M. Milosavljevic [50], [51] to find the 
optimum implant condition by considering the implant interstitial generation and redistribution 
when annealed.  
 
Figure 4: Bright field 𝑋𝑇𝐸𝑀 images taken along [1 1 0] 𝑆𝑖 of samples implanted with boron at 10 − 80 𝐾𝑒𝑉 
(Left). Integrated optical output intensity verses measurement temperature for a range of devices implanted at 
energies between 10 and 80 𝑘𝑒𝑉 (Right). Highlighted image shows the optimum implant condition. Both images 
are copied from [55]. 
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  The array of dislocation loops causes mismatch in the 𝑆𝑖 lattice which introduce strain 
and as band energies are strain dependent the band energies can be modified and engineered 
based on the sizes and distribution of introduced dislocation loops. The standard elastic theory 
of dislocations [56] can be used to calculate the magnitude and the stress field formed. The 
 𝑆𝑖𝐶𝐵 minimum energy point has a negative pressure coefficient which causes the energy band 
gap outside the loops to increase. If the dislocation loops are engineered properly they can 
introduce a three dimensional strain field and modify the band gap energy into three-dimension 
spatial confinement. Figure 5 shows how the dislocation loops modify the band gap energies. 
The modification of band energies is then utilized to modify the flow of injected electrical 
carriers and this is the main feature of the Dislocation Engineered Light Emitting Devices 
(𝐷𝐸𝐿𝐸𝐷𝑠). 
 
 
Figure 5: A schematic diagram showing how the dislocation loop leads to modification of the band gap energies: 
𝑎) looking down on a loop; 𝑏) a loop inserted into the 𝑆𝑖 lattice – just outside the loop the lattice 𝑆𝑖 atoms are 
forced further apart than the bulk value; 𝑐) the stress distribution across the loop; 𝑑) illustration of the band gap 
modification. Illustration is copied from [54]. 
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When a conventional 𝑆𝑖 diode is forward biased, the injected carriers often diffuse and 
recombined at the surface due to long diffusion lengths as the recombination centers density in 
bulk 𝑆𝑖 is low. The modified 𝑆𝑖 bandgap energy outside the edge of dislocation loops can be 
increased by up to 0.75 𝑒𝑉 to create a spatial confinement forming an energy barrier to suppress 
onward diffusion of nonradiative recombination at the surface and forcing the injected 
electrical carriers to recombine radiatively across the energy band more efficiently for 
luminescence. Figure 6 shows how the modification of band energies able to provide an energy 
barrier for blocking and preventing further nonradiative carrier diffusion at the surface when 
the diode is forward biased. The energy barrier is created using an array of dislocation loops 
placed in a plane located slightly past the edge of the depletion region of the device as shown 
in figure 7. 
 
Figure 6: A schematic of the band diagram of the 𝐷𝐸 diode. The potential change is due to an array of dislocation 
loops formed parallel to the depletion region edge at the point. 𝑎) The device at zero bias and 𝑏) under forward 
bias. Illustration is copied from [54].  
 
The ability of this technology in preventing luminescence thermal quenching has been 
demonstrated [53] and some experimental results showing how 𝐷𝐸 affected luminescence in 
higher temperature are shown in figure 8 and figure 9. The schematic of 𝐷𝐸𝐿𝐸𝐷 devices 
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physical structure is shown in figure 7, where the device is fabricated by implanting boron ions 
(1015 𝐵 𝑐𝑚−2 at 10– 80 𝑘𝑒𝑉 range) using ion implantation into [1 0 0] 𝑛 − 𝑡𝑦𝑝𝑒 Si wafers 
(2– 7 Ω𝑐𝑚, phosphorous doped). As mention earlier the boron implantation act as 𝑝 −
𝑡𝑦𝑝𝑒 dopant for forming 𝑝 − 𝑛 𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 diode structure as well as for forming dislocation 
loops. After boron implantation the sample is annealed using Rapid Thermal Annealing (𝑅𝑇𝐴) 
in nitrogen ambient for treatment and dopant activation. Ohmic contact injecting electrical 
carrier is formed using vacuum evaporation of aluminium (𝐴𝑙) and gold antimony (𝐴𝑢𝑆𝑏) on 
surface of 𝑝 − 𝑡𝑦𝑝𝑒 and 𝑛 − 𝑡𝑦𝑝𝑒 substrate and sintered for 2 minutes at 360 °𝐶 of 
temperature. The sample is then etched in the form of an elevated island with a flat top and 
steep sides to isolate the p-n junction. A window is left open on the back side of the sample 
allowing luminescence from the sample to escape.  
 
 
Figure 7: On the left side is the schematic of a 𝑆𝑖 light emitting device (left). 𝐸𝐿 is measured through the window 
at the back of the sample. On the right side is the illustration of the energy band diagram through the device 
indicating the main optical transitions. Schematic is redrawn from [48]. Illustration is redrawn from [57]. 
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Figure 8: Comparison of 𝑃𝐿 emission from 𝑆𝑖 samples with and without dislocation loops induced by B 
implantation. Figure is copied from [58]. 
 
Figure 9: 𝐸𝐿 spectra for a dislocation engineered device between 80 and 300𝐾. Figure is copied from [57]. 
 
On the historical note, about more than 30 years before there were luminescence 
resulted from dislocation loops, defect luminescence in crystalline 𝑆𝑖 was observed for the first 
time [59]. The luminescence was resulted from recombination which occurs at the threading 
dislocations in 𝑆𝑖. The 𝐷-lines 𝐷1, 𝐷2, 𝐷3, 𝐷4, and 𝐷5 which are the dislocation related light 
(𝐷𝑅𝐿) emission lines are known to be dependent on the purity [60] and temperature [61] of the 
𝑆𝑖. It is important to identify these 𝐷𝑅𝐿 emission lines in order to distinguish luminescence 
from 𝑅𝐸 ions incorporated into 𝑆𝑖 and from DRL emission lines. 
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1.4.7 Rare-Earth Elements 
For the past decades, the luminescence from 𝑅𝐸 field has been growing steadily due to 
increasing demand for optical amplifier and sources which are able to emit wavelengths 
matching the fibre communications technology requirement. 𝑅𝐸 luminescence is not a new 
field since the beginning of the 20𝑡ℎ century, the sharp luminescence bands originated from 
lanthanides were discovered. The 𝑅𝐸 elements (also referred to as lanthanides) are a series of 
metallic chemical elements positioned in the 6𝑡ℎ row of the periodic table starting from 
lanthanum (𝐿𝑎), cerium (𝐶𝑒), praseodymium (𝑃𝑟), neodymium (𝑁𝑑), promethium (𝑃𝑚), 
samarium (𝑆𝑚), europium (𝐸𝑢), gadolinium (𝐺𝑑), terbium (𝑇𝑏), dysprosium (𝐷𝑦), 
holmium (𝐻𝑜), erbium (𝐸𝑟), thulium (𝑇𝑚), ytterbium (𝑌𝑏) and lutetium (𝐿𝑢). 
 
In 1968, Dieke and co-worker have made extensive investigation on the energy levels 
of each lanthanide ions in different crystals and tabulated them [62]. Figure 10 shows the 
energy levels diagram for each trivalent rare-earth ions which is known as the Dieke diagram. 
The energy levels of the 𝑅𝐸 elements in the lanthanide series are largely insensitive and depend 
very little on the temperature and the host material which they are placed in because their 4f 
orbits are shielded by 5𝑠2 and 5𝑝6 electrons [63]. The 𝑅𝐸𝑠 exist as trivalent (3+) ion when 
incorporated in crystalline or amorphous host and occasionally in form of divalent (2+) ion. 
Intense narrow band intra 4𝑓 luminescence can be exhibited by all 3 + ions in different hosts 
and the 𝑅𝐸 radiative transition resemble free ions in solid hosts and have weak phonon coupling 
due to the shielding provided by 5𝑠2 and 5𝑝6 electrons. Even though some 2 + ions also 
exhibit luminescence (normally europium and samarium), it is the 3 + ion 𝑅𝐸𝑠 that are of most 
interest. 
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Figure 10: Energy level diagrams of the trivalent rare earth ions of 𝑅𝐸3+ in 𝐿𝑎𝐶𝑙3 (Dieke-diagram) [62]. Diagram 
is copied from [64]. 
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1.4.8 Incorporation of Rare-Earth ions into Silicon 𝑫𝑬𝑳𝑬𝑫𝒔 
The standard 𝐷𝐸𝐿𝐸𝐷𝑠 operates with short wavelength emission of 1.15 µ𝑚 which lies 
at the end of the extended optical communication band and this emission is basically coming 
from 𝑆𝑖 band to band transition between 𝑆𝑖𝐶𝐵 to 𝑆𝑖𝑉𝐵 of 1.1 𝑒𝑉. Listed in table 1 are the 
wavelength ranges for optical communication showing there is considerable interest for 
particular wavelength ranging from ~1.2 µm to ~1.8 µm which match the low attenuation and 
low dispersion region for transmission in fibre optic as specified in Recommendation 𝐼𝑇𝑈 −
𝑇 𝐺. 656 [65]. Light emission around these wavelengths can be obtained by implanting 
𝑅𝐸3+ions into the 𝐷𝐸𝐿𝐸𝐷 between the plane of dislocation loops and the depletion region 
edge, near to the p-n junction region of the device to create a region of optically active centres 
[39]. The schematic of the device which was illustrated previously in figure 7 shows the 
location where the 𝑅𝐸 ions are implanted.  
 
 
Table 1: List of optical fibre communication bands with each wavelength ranges [66].  
 
There are number of works which demonstrate the luminescence from erbium ion 
(𝐸𝑟3+) which are incorporated as optically active materials into 𝐿𝐸𝐷𝑠 [67]–[71]. In 2007 the 
same group of researchers from University of Surrey under the Silicon integrated laser and 
Band Description Waveleght Range (nm)
O Original 1260 - 1360
E Extendend 1360 - 1460
S Short wavelengths 1460 - 1530
C Conventional (Erbium window) 1530 - 1565
L Long wavelengths 1565 - 1625
U Ultra long wavelengths  1625 - 1675
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optical amplifier (𝑆𝐼𝐿𝐴𝑀𝑃) project managed to obtain the first measurement ever of optical 
gain in crystalline 𝑆𝑖 at 1.5 µ𝑚 [72]. The measurement was obtained using 𝐷𝐸𝐿𝐸𝐷𝑠 method 
and by incorporation of erbium 𝑅𝐸 ions into 𝑆𝑖 as optically active material. The gain 
measurement shows that incorporation of 𝑅𝐸 ions as optically active centres into 𝑆𝑖 is not only 
able to provide light emission in the infrared spectra of interest but also potentially capable of 
supporting lasing. The sharp peak luminescence at 1.55 µ𝑚 is characterized as the intra 
transitions in 𝐸𝑟3+ ions between the 4I13/2 first excited state and 4I15/2 ground state of the Stark 
split levels as shown in figure 11.  
 
 
Figure 11: Comparison of 𝑃𝐿 emission from 𝐸𝑟-doped samples with and without dislocation loops induced by 𝐵 
implantation. Figure is copied from [58]. 
 
Besides achieving 𝑆𝑖 𝐷𝐸𝐿𝐸𝐷𝑠 with operating wavelength at 1.5 µ𝑚, there have been 
demonstrated 𝑆𝑖 𝐷𝐸𝐿𝐸𝐷𝑠 which operate at a wavelength over 1.2 to 1.35 µ𝑚 [73], [74] as 
shown in figure 12. The specific wavelength emissions were achieved with the incorporation 
of thulium (𝑇𝑚3+) ions into 𝑆𝑖 𝐷𝐸𝐿𝐸𝐷 𝑝 − 𝑛 junction. There were seven sharp and narrow 
lines observed and these lines were characterized to be known internal transitions of 𝑇𝑚3+ ions 
from the 3H5 to the 
3H6 ground state. Emissions from other 𝑅𝐸𝑠 ion such as 𝑃𝑟3+, 𝑁𝑑3+, 𝑆𝑚, 
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𝐺𝑑3+, 𝑇𝑏3+, 𝐷𝑦3+ and 𝐻𝑜3+implanted into 𝐷𝐸𝐿𝐸𝐷 have been demonstrated recently and 
shown the achievement of light emission from 𝑆𝑖 in the spectral range of 1 to 2 µ𝑚 [75]. The 
incorporation of 𝑅𝐸 elements into semiconductors has been used widely as optical sources due 
to the optical transitions originated from the inner 4𝑓 shells of the 𝑅𝐸 element can be sharp 
and has very little dependent on the host and variation of temperature [63], [76]. 
 
Figure 12: Comparison of 𝑃𝐿 emission from 𝑇𝑚-doped samples with and without dislocation loops induced by 𝐵 
implantation. Figure is copied from [58]. 
 
However, the studies in this thesis will focus on three different 𝑅𝐸 elements 𝐶𝑒3+, 
𝐸𝑢3+ and 𝑌𝑏3+ doped into 𝑆𝑖 as these 3 𝑅𝐸 elements have not yet been studied in 𝑆𝑖 𝐷𝐸𝐿𝐸𝐷 
samples previously. Interestingly, their lowest internal energy transition ( 𝐷3/2
2  excited state 
to the 𝐹2 7/2, 𝐹
2
5/2 in  𝐶𝑒
3+, 𝐷0
5  excited state to the 𝐹7 𝑗  transitions,  𝑗 = 0 to 3 in 𝐸𝑢
3+ and  
𝐹2 5/2 excited state to the 𝐹
2
7/2 transition in 𝑌𝑏
3+) is significantly higher than the 𝑆𝑖 band gap 
energy. The luminescence from 𝑅𝐸 doped into semiconductor materials recorded in the 
literature as listed in chapter 7.1 shows the expected characteristic of intrinsic transition and it 
is conventionally understood that emission should not happen from the 𝑅𝐸𝑠 with transitions 
larger than the band gap energy of the semiconductor. But, the 𝑃𝐿 and 𝐸𝐿 results collected on 
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the 𝐶𝑒3+, 𝐸𝑢3+ and 𝑌𝑏3+ doped into 𝑆𝑖 𝐷𝐸𝐿𝐸𝐷 structure throughout these studies show 
surprisingly very bright luminescence intensity with dramatic red shifting of luminescence 
peaks from visible to 𝑁𝐼𝑅 region of the electromagnetic spectrum. This  dramatic shifting of 
luminescence peaks show a novel phenomenon of a possible 𝑅𝐸 energy transition modification 
which is attributed to the direct transition from 𝑆𝑖 conduction band edge (1.12 𝑒𝑉) to 𝐹2 7/2, 
𝐹2 5/2 for 𝐶𝑒
3+, 𝐹7 𝑗  (𝑗 = 0,1,2,3) for 𝐸𝑢
3+, 𝐹2 5/2 and 𝐹
2
7/2 for 𝑌𝑏
3+ [77] as shown in 
figure 13. The new shifting of luminescence peak into 𝑁𝐼𝑅 region is very important for optical 
communication in making 𝐿𝐸𝐷𝑠 and photo detectors. The 𝑃𝐿 and 𝐸𝐿 experimental results will 
be presented in chapter 4, 5, 6 and discussed further in chapter 7. 
 
Figure 13: Proposed alignment of the internal 𝐶𝑒3+, 𝐸𝑢3+ and 𝑌𝑏3+ energy levels and manifolds with the 𝑆𝑖 
energy bands. The transition from the 𝑆𝑖 - 𝐶𝐵 to the 𝐹2 7/2 and 𝐹
2
5/2 manifolds in 𝐶𝑒
3+, to the 𝐹7 𝑗  manifolds 
in 𝐸𝑢3+ and to the 𝐹2 7/2 manifolds in the 𝑌𝑏
3+ are indicated as observed in the experimental results.
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2. BACKGROUND KNOWLEDGE  
This chapter covers the fundamental theories and concepts which are required to better 
understand the study presented in this thesis. This chapter includes the basics of bulk 𝑆𝑖, the 
optical processes involve in 𝑆𝑖, ion implantation and annealing treatment process which are the 
main techniques used in fabricating the samples used in the experiments. 
 
2.1 BULK SILICON 
2.1.1 Introduction 
Silicon is the 2nd most abundant element which can be found in the earth crust after 
oxygen. Located in group 𝐼𝑉 in the periodic table of elements, 𝑆𝑖 has the properties of a 
semiconductor where its electrical conductivity is between a good conductor such as metal and 
insulator such as glass. The electrical conductivity of a bulk 𝑆𝑖 can be modified by introducing 
impurities into the bulk 𝑆𝑖 via the ion implantation technique which will be explained further 
in the coming sections.  
 
For electronic 𝑆𝑖 wafers are produced through number of steps, firstly the 𝑆𝑖 crystal is 
grown through the Czochralski method which is named after Jan Czochralski, a Polish scientist 
who discovered the method in 1916. Chunks of high purity polycrystalline 𝑆𝑖 are melted into 
a quartz crucible at 1425°𝐶, then a seed crystal is mounted at the end of a rod and dipped into 
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the molten 𝑆𝑖 and slowly pulled upward in a rotating manner to extract a cylindrical 𝑆𝑖 crystal 
ingot from the molten. Once the 𝑆𝑖 crystal ingot is fully-grown, the single crystal ingot is then 
grinded and trimmed into a desired size to be sliced into thin layers of wafers. The sliced wafers 
are then etched, polished and inspected in a clean room to maintain the wafers quality before 
they are packed and ready for devices fabrication stage. The process of growing a single crystal 
ingot and wafer preparation is shown in figure 14 and figure 15. 
 
Figure 14: Illustration of growing single crystal ingot using Czochralski method. Illustration is reproduced from 
[79]. 
 
Figure 15: Steps in preparing 𝑆𝑖 wafers from single crystal ingot.  
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2.1.2 Crystal Structure 
𝑆𝑖 atom has 14 electrons which occupied the 1𝑠𝑡 3 energy levels, 10 electrons filled 
the 1𝑠, 2𝑠 and 2𝑝 orbitals while the other 4 electrons filled the 3𝑠 and 3𝑝 orbitals. 𝑆𝑖 crystallize 
in a diamond cubic lattice structure with each 𝑆𝑖 atom has four bonds and each atom form 
covalent bonds with four of its nearest atoms. The 𝑆𝑖 lattice structure has two interpenetrating 
face-centred cubic lattices separated from each axis of the cell by a distance equal to 1/4 of its 
length with a lattice constant 𝑎 of 0.543 𝑛𝑚 as illustrated in figure 16.  
 
Figure 16: Illustration of Diamond cubic lattice structure unit cell. Illustration is copied from [80]. 
 
Figure 17: Illustration of a single tetrahedron 𝑆𝑖 crystal structure and its simplified 2𝐷 representation. Illustration 
is reproduced from [81]. 
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2.1.3 Band Gap 
The different in energy gap between the electronic band structure of a solid which set a 
conductor, semiconductor and an insulator apart. Each atom of an element has different 
numbers of electron orbiting its nucleus in an orbital. Each orbital can only occupy certain 
number of electrons and form a discreet energy levels. As more atoms bond together to form 
solid materials, the orbital becomes increasingly dense and eventually form energy bands as 
shown in figure 18.  
 
 
Figure 18: Illustration of a single 𝑆𝑖 atom orbit structure and an energy band. Illustration is reproduced from [81]. 
 
Electrical current can be conducted when there is a free electron which is not bound to 
any atomic orbital or escaped from an atom outermost orbital. In the conduction band electron 
can relatively move inside the solid freely and conduct electrical current. The valence band has 
lower electrical potential, therefore electrons in the valence band are not free to move as they 
are bound with the nuclei and tend to stay in the valence band. 
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Most conductors such as metals have a good electrical conductivity because the 
conduction and the valence band of the materials are overlap. The electrons from the valence 
band can jump across the conduction band with thermal energy at room temperature resulting 
in high number of free electrons in the conduction band. An insulator on the other hand has a 
large 𝐸𝑔 thus providing a very high resistivity as higher energy is needed for electrons from the 
valence band to jump across to conduction bands. Semiconductor such as 𝑆𝑖 has bandgap of 
1.1 𝑒𝑉 in between a conductor and an insulator. 1 𝑒𝑉 (One electron volt) is the energy which 
is gained by an electron as it moves from 2 points with potential different of 1 volt. A 
semiconductor is able to conduct electrical current at room temperature but not as good as a 
conductor. 
 
 
Figure 19: Illustration of the energy bands and bandgap of a metal (𝐴𝑙), semiconductor (𝑆𝑖) and Insulator (𝑆𝑖𝑂2). 
Illustration is reproduced from [81]. 
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2.1.4 Band Gap Temperature Dependence 
The 𝑆𝑖 band gap energy (𝐸𝑔) is temperature dependent and it has been known that the 
electron-phonon interaction which is temperature dependent determined the 𝐸𝑔 [82]. Thermal 
expansion of the lattice does occur as temperature increases but it is minimal compare to the 
electron-phonon interaction which dominates in many semiconductors [83]. According to Y. 
P. Varshni the Si 𝐸𝑔 is affected by temperature following his equation [84]:  
𝐸𝑔(𝑇) = 𝐸𝑔(0) − 𝛼𝐸𝑇
2/𝑇 + 𝛽𝐸   
Equation 1: Varshni 𝐸𝑔 temperature dependent equation. 
 
Where 𝐸𝑔(0) is the band gap energy at absolute zero Kelvin in 𝑆𝑖 while 𝛼𝐸 and 𝛽𝐸 are 
constants for specific material. Figure 20 shows the intrinsic 𝑆𝑖 energy gap dependency with 
temperature obtained from the equation 1 where the energy gap decrease slowly at lower 
temperature and then linearly decreases at higher temperatures. 
 
Figure 20: Graph of intrinsic 𝑆𝑖 energy gap (𝑒𝑉) against temperature (𝐾) obtained from Varshni equation. 
Figure is copied from [85]. 
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2.1.5 Doping a Semiconductor 
The conductivity properties of a semiconductor material can be changed and modified 
by adding impurity atoms into the material through a process known as doping. An intrinsic 
semiconductor is a semiconductor material which does not have any impurity atoms or dopant. 
In an intrinsic semiconductor material, the number and density of charge carriers (electrons 
and holes) are equal at thermal equilibrium state.  
 
The element 𝑆𝑖 is classed as group 𝐼𝑉 semiconductor material as the outer electron orbit 
contains 4 electron valences. Doping a crystalline 𝑆𝑖 with dopant from group 𝑉 elements which 
have 5 electron valences such as phosphorus (𝑃) will result in an extra electron to exist as the 
maximum number of electrons that can occupy the outer 𝑆𝑖 electron orbit is 8 electrons and 
this doped 𝑆𝑖 is classified as 𝑛-type 𝑆𝑖 as shown in figure 21. Elements from group 𝑉 are called 
donor as they provide an extra electron to a semiconductor material. The extra electron is able 
to jump into the conduction band easily from the donor level which is slightly below the 
conduction band. In this type of 𝑆𝑖, the extra electron which is negative charged becomes a free 
electron and acts as the majority carrier for conducting electrical current. 
 
Doping crystalline 𝑆𝑖 with impurity atoms or a dopant from group 𝐼𝐼𝐼 elements which 
have 3 electron valences such as boron (𝐵) will result in an extra hole or a position where an 
electron could exist and this doped 𝑆𝑖 is classified as 𝑝-type 𝑆𝑖 as shown in figure 22. Elements 
from group 𝐼𝐼𝐼 are called acceptor as they provide an extra hole for other electron to fill. 
Electrons from the valence band are able to jump into the holes exist in the acceptor level 
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slightly above the valence band. The movement of electron from valence band creating new 
holes in the valence band where other electrons are able to fill. In this type of 𝑆𝑖, hole is the 
majority carrier where the movement of holes which is positive charged carries an electrical 
current  
 
 
Figure 21: Illustration of the 𝑁-type doped 𝑆𝑖 and its donor energy band. Illustration is reproduced from [81]. 
 
 
Figure 22: Illustration of the 𝑃-type doped 𝑆𝑖 and its acceptor energy band. Illustration is reproduced from [81]. 
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2.1.6 Dopant Concentration and Conductivity 
The conductivity of 𝑆𝑖 increases with dopant concentration as shown in the resistivity 
as a function of dopant concentration graph in figure 23. The increase number of free electros 
and hole improve the conductivity thus reduces the resistivity but as dopant concentration 
increases the mobility of carrier decreases therefore the resistivity is not a linear function of 
concentration. 
 
 
Figure 23: Graph of resistivity (Ω − 𝑐𝑚) against impurity (𝑐𝑚−3) for 𝑛-type and 𝑝-type 𝑆𝑖 at 300 𝐾. Figure is 
copied from [85] after [86]. 
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2.1.7 Diode Structure 
A diode commonly functions to allow electrons to flow in one direction and blocks 
electrons flowing in reverse direction. A semiconductor diode structure can be formed by 
doping a crystalline semiconductor material (such as 𝑆𝑖) with a group 𝐼𝐼𝐼 element (such as 
boron) creating a 𝑝-type semiconductor on one side and doping with a group 𝑉 element (such 
as phosphorus) creating an 𝑛-type semiconductor on the other side. The junction or a boundary 
between the 𝑝-type semiconductor and 𝑛-type semiconductor is called a 𝑝 − 𝑛 junction and is 
the fundamental building blocks for diodes, solar cells, transistors and other semiconductor 
electronic devices including 𝐿𝐸𝐷𝑠. The difference between the 𝑝-type and 𝑛-type Fermi levels 
causes an energy barrier to form at the 𝑝 − 𝑛 junction preventing electrons to flow up the 
barrier. 
 
 
Figure 24: Illustration of band diagram for how 𝑝 − 𝑛 junction is formed for making diode structure. 
 
When the diode is not under forward or reverse bias, the electron from the 𝑛-type 
semiconductor near the 𝑝 − 𝑛 junction will diffuse into the 𝑝-type semiconductor leaving 
positive charge ions in the 𝑛-type semiconductor near the 𝑝 − 𝑛 junction. The diffused 
electrons recombine with holes in the 𝑝-type semiconductor creating negative charge ion in the 
  
70 CHAPTER 2 – BACKGROUND KNOWLEDGE 
𝑝-type semiconductor near the 𝑝 − 𝑛 junction. Electrons and holes near the 𝑝 − 𝑛 junction 
continue to deplete until they reach equilibrium state and create an electric field in between the 
depletion region. The electric field creates a build-in voltage which is also known as the barrier 
voltage or a junction voltage. When the diode is reverse biased, the depletion region will 
become bigger as majority of the carriers are pushed away from the p-n junction thus increasing 
the voltage barrier near the p-n junction and preventing current to flow. When the diode is 
forward biased the opposite happens. 
 
Figure 25: Current against voltage graph showing the 𝐼 − 𝑉 curve of a diode.  
 
Figure 25 shows the current-voltage (𝐼 − 𝑉) characteristic of a diode. When the diode is 
forward biased above its threshold voltage, forward current will start to flowing drastically. 
When the diode is reverse biased no current is flowing but if the reverse voltage is increased 
then small leakage current can flow across the depletion region and if the reverse voltage is too 
high the diode will experience breakdown causing current to flow freely in the opposite 
direction. 
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2.1.8 Transition Across the Band Gap 
Electrons from the filled state of the valence band can be excited to the empty state of 
conduction band via absorption of a photon energy provided that the energy of the photon is 
equal or higher than the 𝐸𝑔. An excited electron will leave a vacancy or a hole in the valence 
band. An electron which is excited above the conduction band will quickly thermalize with the 
lattice generally by phonon emission and reside at the bottom of the conduction band region. 
The excited electron from the conduction band can return to recombine with hole in the valence 
band and release its energy with emission of a photon. This process is shown in figure 26. A 
transition of electron which resulting with an emission of a photon is known as a radiative 
transition. A non-radiative transition occurs when an excited electron relaxes back to the 
valence band and losses its energy through lattice vibration releasing phonon (heat) instead of 
photon (light).  
 
Figure 26: Illustration of radiative transition process. 𝑎) absorption of photon energy resulting in electron being 
excited from valence band to conduction band 𝑏) excited electron returns to the edge of the conduction band 𝑐) 
relaxation of energy of the excited electron and recombine with hole in the valence band 𝑑) releasing energy in 
form of lower energy photon compared to the energy absorbed. 
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  There are number of recombination transitions of the excited electrons from the 
conduction band to the valence band. Interband transition is where an electron from conduction 
band decay back to recombine with a hole in the valence band emitting photon energy closely 
correspond to the 𝐸𝑔. Transition between a band and an impurity level can also take place such 
as, transition between the conduction band to the acceptor-type defect and between the donor-
type defect to the valence band.  Electron from the conduction band can be caught by deep 
level traps in between the 𝐸𝑔 before decay back to the valence band. Optical centre can be 
introduced by implanting rare-earth ion into the 𝑆𝑖 and creating energy levels which act as deep 
level traps in between the 𝑆𝑖 band-gap energy. Non-radiative intraband transition can occur via 
Auger process where an electron from the conduction band receives energy transferred from 
another electron decaying back to the valence band and promotes higher in the conduction 
band. The promoted electron then decays back to the bottom of the conduction band releasing 
its energy with phonon emission. These non-radiative transitions are undesirable process as it 
increases heat loss and reduces luminescence efficiency. 
 
Figure 27: Illustration of basic recombination transitions showing 𝑎) Interband transitions between conduction 
band and valence band 𝑏) transitions via deep level traps 𝑐) Intraband transition of auger recombination within 
the band. 𝐸𝑑, 𝐸𝑎 and 𝐸𝑡 represent donor, acceptor and deep level traps respectively. Illustration is reproduced 
from [85] 
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2.2 SILICON ON INSULATOR 
Silicon on Insulator (𝑆𝑂𝐼) is a method used in microelectronic industries to improve the 
devices performance by reducing the unwanted parasitic capacitance effect, passive current and 
removing latch up that exist in the bulk 𝑆𝑖 based devices. 𝑆𝑂𝐼 structure consists of thin 
crystalline 𝑆𝑖 layer used to build active devices on top on an insulating layer of silicon oxide. 
In this research, the optimized bulk samples will be transferred on to 𝑆𝑂𝐼 structure for further 
optimization.  
 
There are several ways to create an 𝑆𝑂𝐼 structure, one of the common way is using 𝑆𝐼𝑀𝑂𝑋 
or Separation by IMplantation of Oxygen process. Oxygen ions are implanted using ion 
implantation technique below the surface of a 𝑆𝑖 wafer at a low dose until oxygen rich layer is 
formed. The wafer is then annealed at approximately 1300 °𝐶 for several hours to produces a 
uniform 𝑆𝑖𝑂2 layer buried in between two 𝑆𝑖 layers. The 𝑆𝑂𝐼 wafers used for this research are 
from 𝑆𝑂𝐼𝑇𝐸𝐶 which developed the wafers using SmartCut process. 
 
In a SmartCut process, the insulating oxide layer is formed by thermally oxidising the 
surface of a 𝑆𝑖 wafer. Hydrogen (𝐻) ions are then implanted between a few hundred nanometres 
and a few microns below the oxidised layer forming a Gaussian-like profile. The implantation 
of 𝐻 ions causes damage to the 𝑆𝑖 lattice structure and significantly weakens the 𝑆𝑖 lattice 
bonding where the greatest concentration of 𝐻 ions stopped. After the implantation of 𝐻, the 
oxidised wafer is cleaned and another 𝑆𝑖 wafer called the handle wafer is placed in contact with 
the surface of the oxidised 𝑆𝑖 wafer and bonded at room temperature. The wafers are then 
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annealed at 400 °𝐶 − 600 °𝐶 in order to cut along the peak profile of implanted 𝐻 because of 
the blistering and flaking induced by the 𝐻 implantation when annealed. An 𝑆𝑂𝐼 structured 
wafer is obtained after the cutting process leaving extra 𝑆𝑖 wafer which can be reused to create 
another 𝑆𝑂𝐼 wafers. A subsequent annealing is performed at 1100 °𝐶 in order to strengthen the 
chemical bonding between the handle wafers. Lastly, the 𝑆𝑂𝐼 wafer is polished using 
mechanical chemical polishing to remove the roughness of the cut surface. 
 
 
Figure 28: Illustration of the SmartCut process to produce 𝑆𝑂𝐼 wafer. Illustration is reproduced after [87]. 
 
The smart cut process offers flexibility and efficient use of 𝑆𝑖 wafer making this process is 
an excellent process in low-cost 𝑆𝑖 photonic development.  
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2.3 ION IMPLANTATION 
Ion implantation is the very important technique in modern 𝐼𝐶 manufacturing pioneered 
in the 19𝑡ℎ  century and refined continuously to date. It is a technology of materials engineering 
process primarily used in semiconductor device fabrication to introduce impurities or doping 
to change the electrical properties of semiconductors. Ions of a material are generated and 
accelerated by an electrical field into a semiconductor material causing the ions to come to rest 
beneath the target’s surface.  
 
Among the advantage of doping using ion implantation technique is the ability to 
control the dopant concentration and the depth of penetrating ions with high precisions over a 
wide range of temperatures. The concentration or dose of the dopant can be controlled with the 
combination of the implantation time and the ion beam current while the projected depth of the 
ion can be controlled by the implantation energy. Other advantages are the ability to implant a 
wide range of dopant concentration between (1011 to 1017 atoms/𝑐𝑚2), high implantation dose 
reproducibility and able to reduce the manufacturing cost [88].  
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2.3.1 General Principle 
 
Figure 29: A general schematic of an ion implanter main components.   
 
In general, an ion implanter consists of 4 main components, a source chamber, 
analysing magnet, accelerator tube and a target chamber. The source chamber is where the ions 
to be implanted are extracted. A gas or vapour containing the desired element is channelled 
into the source chamber via a gas line or oven. A tungsten filament also a cathode is heated up 
to typically 2500 𝐾 of temperature in order to emit thermal electrons and generate a plasma 
within the source chamber to ionize the channelled gas. Between 50 to 100 volts is applied 
between the anode and cathode inside the source chamber in order to accelerate the electrons 
to collide with the source gas and cause the gas molecules to dissociate and ionize. Radio 
frequency (𝑅𝐹) and microwaves are the other type of ion source developed and applied to the 
ion implantation process which uses inductively couple plasma and electron cyclotron 
resonance generated plasma to ionized dopant ions. 
  
77 CHAPTER 2 – BACKGROUND KNOWLEDGE 
 
Figure 30: Illustration of the hot filament ion source chamber of an ion implanter. Illustration is reproduced after 
[81]. 
 
The charged ions which contain single ion and molecular ion such 
as 𝐵𝐹, 𝐵𝐹2, 𝐵
10, 𝐵11, 𝐹 or 𝐹2  from 𝐵𝐹3 gas are then extracted out of the source chamber into 
the mass analyser by applying negative potential to the extraction electrodes at the aperture of 
the source chamber. Through the 90° analysing magnet selection of particular ion species are 
made, as different elements have different mass therefore by adjusting the magnetic field and 
mass/ charge ratio, the charged ions will curve on to a small beam resolving aperture or “slits” 
that allow only the ion with the right ratio between mass and charge or velocity to exit through. 
Ions with larger mass/charge ratio (heavier) or ions with smaller mass/charge ratio (lighter) 
will under-curve or over-curve through the analyser and will not pass through the aperture 
leaving only the ions with the right mass/charge ratio pass through the aperture.  
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Figure 31: Illustration of the mass analyser of an ion implanter. Illustration is reproduced after [81]. 
 
The ions which pass through the mass analyser will then be electrostatically accelerated 
(or sometimes decelerated) through the acceleration tube to achieve the desired implantation 
energy for required implantation depth. The ion beam is accelerated by passing through a 
number of acceleration plates which are supplied with high voltage to generate high electric 
field. Neutral ions may exist as ions may collide with each other in the beam causing charge 
exchange between ions. These neutrals are undesired as not deflected in the field and may cause 
contamination during electrostatic beam scanning on the target wafer. The possible 
contaminations are minimised by inclining the accelerated ion beam at 7° to remove the 
undesired neutral beam before hitting the wafer in the target chamber for implantation.  
 
Figure 32: Illustration of removing undesired neutral atoms. Illustration is reproduced after [81]. 
  
79 CHAPTER 2 – BACKGROUND KNOWLEDGE 
2.3.2 Stopping Mechanisms 
As accelerated ions are bombarded and penetrated through the target wafer i.e. 𝑆𝑖, the 
ions will lose their energy as they collide and interact with the 𝑆𝑖 lattice atoms in two type of 
stopping mechanisms.  
 
Nuclear stopping is a mechanism where the implanted ions elastically collide 
(momentum and kinetic energy are conserved) with the host lattice atom’s nuclei. The 
implanted ions will recoil away with some of its the energy transferred to the host lattice atoms 
and will eventually come to rest when it loses its energy with multiple collisions as shown in 
figure 33. If the implanted ions collide with the lattice atoms with high energy, the lattice atoms 
can break free from the lattice site when enough energy is transferred to the lattice atoms from 
the collision. This process is responsible for most of the damage and production of lattice 
disorder to the target material crystal structure.  
 
 
Figure 33: Illustration of nuclear stopping. Illustration is reproduced after [81]. 
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Electronic stopping is softer inelastic collision (momentum is conserved) between the 
implanted ions with electrons of the host lattice atoms resulting in very minimal energy transfer 
which is dissipated into thermal vibrations through the electron cloud of the lattice atoms. The 
projection path of the implantation ions hardly changes in the process and the damage on to the 
target material crystal structure is negligible. Figure 34 illustrate the path change of accelerated 
ion experiencing inelastic collision as it channels through the host lattice atoms within the 
target substrate. 
 
 
Figure 34: Illustration of electronic stopping. Illustration is reproduced after [81]. 
 
The total stopping power 𝑆𝑡𝑜𝑡𝑎𝑙 which is loss of ion energy (𝐸) per unit path length of 
the ion travel (𝑥) inside the target material is the combination of both nuclear stopping power 
(𝑆𝑛) and electronic stopping power (𝑆𝑒) and can be express as 
𝑆𝑡𝑜𝑡𝑎𝑙 = 𝑆𝑛 + 𝑆𝑒 
or  
𝑆𝑡𝑜𝑡𝑎𝑙 = (
𝑑𝐸
𝑑𝑥
)
𝑛
+ (
𝑑𝐸
𝑑𝑥
)
𝑒
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Through previous studies the average behaviour of these stopping powers can now be 
predicted and simulated using computer software called Stopping Range of Ions in Matters or 
also known as 𝑆𝑅𝐼𝑀 [89][90][91] 
 
2.3.3 Ion Range 
As the accelerated ions under numbers of random collisions which consist of nuclear 
and electronic stopping between the host lattice atoms the accelerated ions gradually lose their 
energy and will eventually come to rest inside the target material substrate.The total path length 
of the ion trajectory within the substrate after collisions is called the range (𝑅). In general, the 
ion can be projected deeper into the substrate with higher ion implantation energy. However, 
each ion undergo different collision with different atoms as each ion enters the substrate 
therefore each ion come to rest at a different place and not exactly at the same depth even with 
the same implantation energy.  
 
The average distance of the projected ions coming to rest in the substrate from the 
substrate surface is called the projected range (𝑅𝑝) as shown in figure 35. The profile or the 
depth of the concentration distribution of the implanted ions stopped in the substrate can be 
approximated by a Gaussian distribution function with a standard deviation which is called the 
straggle (∆𝑅𝑝).  
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Figure 35: Illustration of an ion trajectory range and projected range within target substrate. Illustration is 
reproduced after [81]. 
 
Through a computer program named Surrey University Sputter Profile Resolution from 
Energy deposition or 𝑆𝑈𝑆𝑃𝑅𝐸 which was developed at the University of Surrey by R. Webb 
in 2001 [92], the implantation range profiles can be calculated. This program creates an 
approximate solution using a numerical solution to Boltzmann Transport Equation based on 
the Projected Range Algorithm (𝑃𝑅𝐴𝐿) [93]. Figure 37 shows the simulated implant, showing 
the projected range (𝑅𝑝), nuclear and electronic energy loss profiles for 30 𝑘𝑒𝑉 of 
1.1015 𝑐𝑚−2 of 𝐵 ion into 𝑆𝑖 using 𝑆𝑈𝑆𝑃𝑅𝐸 and the behaviour prediction of the implanted ion 
of the same implantation using 𝑆𝑅𝐼𝑀. 
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Figure 36: Simulated implant profile for 30 𝑘𝑒𝑉 of 1𝑥1015 𝑐𝑚−2 of 𝐵 ion into 𝑆𝑖 using 𝑆𝑈𝑆𝑃𝑅𝐸. 
 
 
Figure 37: Simulated projection of implant for 30 𝑘𝑒𝑉 of 1𝑥1015 𝑐𝑚−2 of 𝐵 ion into 𝑆𝑖 using 𝑆𝑅𝐼𝑀. 
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2.4 ANNEALING 
2.4.1 Primary Defect Production 
During ion implantation process numbers of collision from the accelerated ions with the 
target atoms causes damage to the atomic structure of the targeted wafer. Collisions with 
enough energy transferred at typically about 25 𝑒𝑉 able to break the target atoms free from the 
lattice binding energy. The freed atoms are able to travel inside the substrate and collide with 
other lattice atoms and breaking free more atoms from the lattice provided that the energy 
transferred during collisions is high enough. The process of colliding and breaking free other 
atoms will continue until the freed atoms does not have enough energy to break other lattice 
atoms and these collision cascades can result in the vacancies and interstitials. Vacancies are 
the unoccupied crystal lattice points which occur when atoms break free from its crystal site 
after collisions with ions or other atoms. Interstitials occur when the implanted ions or atoms 
which were freed from its crystal site come to rest in the substrate but not in any lattice sites. 
A pair of vacancy and interstitial point defect is called a Frenkel pair. 
 
Figure 38: Point defects in a plane of crystal lattice. Illustration is reproduced after [81]. 
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2.4.2 Formation of Amorphous Layer 
Crystallographic damages are influenced by the mass of the ion species, implantation 
dose and energy. One ion implanted into the wafer with enough energy can cause thousands of 
atom displacements from its lattice. Light implanted ions are able to penetrate deeper into the 
target wafer and causes smaller area of damage region around the projected path as electronics 
stopping dominates. Heavier ions cause larger area of damage region with shallower projection 
range as higher number of nuclear stopping occur throughout the penetration. The higher 
implantation dose and energy used the higher damage will be inflicted onto the target lattice 
structure.  
 
Figure 39: Damage caused onto 𝑆𝑖 by one ion with different mass. Illustration is reproduced after [81]. 
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The implantation damage on the target substrate causes its crystal structure near the 
surface within the projected ion range to become amorphous. Displacements of atoms within 
the lattice introduces deep level electron and hole traps and these traps become more dominant 
as the crystal structure becomes more amorphous. The deep level electron and hole traps can 
capture carriers and increase the resistivity of the substrate thus reducing the electronic 
performance of the wafer for fabricating electronic and opto-electronic devices. 
 
2.4.3 Annealing Strategies 
 
Figure 40: Lattice structure after ion implantation and after thermal annealing treatment. Illustration is reproduced 
after [81]. 
 
The single crystal structure needs to be restored in order to achieve device requirements. 
High temperature annealing process is able to reconstruct the lattice structure by providing the 
displaced atoms with thermal energy to move into single crystal lattice location and become 
bonded by the lattice energy. The annealing process also activates the dopant atoms as dopant 
atoms can only provide electrons or holes effectively as majority carrier when they are close to 
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the single crystal lattice. Rapid Thermal Processing (𝑅𝑇𝑃) annealer is used to minimize dopant 
diffusion during the annealing process due to shorter processing time. 𝑅𝑇𝑃 system can process 
a single wafer at one time with up to 250 °𝐶/𝑠𝑒𝑐 of temperature ramp rate and maintaining 
precise control over the wafer temperature uniformity during the annealing process. The 𝑅𝑇𝑃 
is able to ramp up the temperature of the wafer to 1100 °𝐶 from room temperature within 
10 𝑠𝑒𝑐 to recover a single crystal lattice [81]. 
 
Figure 41: Annealing temperature against time for rapid and conventional annealing process [94]. 
 
 
Figure 42: Cross section view of an 𝑅𝑇𝑃 system and plane view of the wafer and the lamps position. Illustration 
is reproduced after [81].   
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2.5 TRANSMISSION ELECTRON MICROSCOPY (𝑻𝑬𝑴) 
Transmission electron microscopy or 𝑇𝐸𝑀 is a powerful microscopy technique that is 
able to provide nanoscale imaging. 𝑇𝐸𝑀𝑠 in principle uses electrons and magnetic lenses 
instead of lights optical lenses in optical microscopy. Accelerated electrons have very small 
wavelength at around 6 𝑝𝑚 compare to wavelengths of lights at around 600 𝑛𝑚 and this 
enables the instrument to produce an image with a resolution thousands times higher than an 
optical microscopy.  
 
High energy beam of electrons is generated from an electron gun in a vacuumed column 
of the microscope. The electron beam is focused into very narrow beam using magnetic lenses 
and is transmitted through a thin layer of the target sample. Electrons that went through the 
sample will interact with the sample and depending on the sample, some of the electrons will 
be absorbed, reflected and passed through the sample. The unscattered electrons will hit a 
sensitive phosphor screen, 𝐶𝐶𝐷 or photographic film for detection. Then an image consisting 
of darker and lighter areas is shown on a screen rather than viewed from an eye piece. The dark 
area corresponds to the areas of the sample which most of the electron from the electron beam 
are absorbed or reflected while the lighter area is where most of the electrons passed through.  
 
In this thesis 𝑇𝐸𝑀 technique is used to view the cross section some of the samples to 
investigate how the different ion implantation doses and annealing conditions affect the 
dislocation loops formed in the samples. However, the 𝑇𝐸𝑀 is not conducted by the author. 
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3. EXPERIMENTAL METHODS  
3.1 INTRODUCTION  
This chapter describes the fabrication and preparation of 𝑃𝐿 and 𝐸𝐿 samples and the 
characterization techniques of 𝑃𝐿 and 𝐸𝐿 used in the experiments along with experiment 
details. Fundamental processes which occur in the samples during 𝑃𝐿 and 𝐸𝐿 measurements 
are also explained in this chapter.  
 
3.2 SAMPLE PREPARATION  
3.2.1 𝑷𝑳 Samples (𝑩𝒖𝒍𝒌) 
The samples were fabricated using the ion implantation technique to implant boron ions 
at 30 − 70 𝑘𝑒𝑉 and 𝑅𝐸 (𝐶𝑒, 𝐸𝑢 or 𝑌𝑏) ions at 400 𝑘𝑒𝑉 into 4 inch [1 0 0] 𝑛-type 𝑆𝑖 wafers 
(2 − 7 Ω𝑐𝑚, phosphorous doped) at 7° off normal incidence to avoid the channelling effect. 
The 𝐵 ions are implanted with a constant dose of  1015 𝐵 𝑐𝑚−2 at ~ 1.0 𝜇𝐴 𝑐𝑚−2, while the 
implantation dose for 𝑅𝐸 ions varies between 1𝑥1012 to 1 𝑥 1015 𝑐𝑚−2 at ~ 0.5 𝜇𝐴 𝑐𝑚−2. The 
projected range (𝑅𝑝) for 30 𝑘𝑒𝑉 of 𝐵 implantation in 𝑆𝑖 is 110 𝑛𝑚  (straggle ∆𝑅𝑝 = 39 𝑛𝑚) 
as calculated by stopping and range in ions in matter (𝑆𝑅𝐼𝑀) [95]. The projected range for 
400 𝑘𝑒𝑉 of 𝑅𝐸𝑠 implantation in 𝑆𝑖 are  158 𝑛𝑚, 142 𝑛𝑚, 130 𝑛𝑚  for   1013 𝐶𝑒 𝑐𝑚−2, 
 1014 𝐸𝑢 𝑐𝑚−2and  5𝑥1013 𝑌𝑏 𝑐𝑚−2 respectively.  
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After each implantation process the samples are annealed at high temperature using 
rapid thermal annealing (𝑅𝑇𝐴) in a nitrogen ambient for treatment and dopant activation. The 
𝑅𝑇𝐴 treatment after 𝐵 implantation (pre-annealing) ranges from 90 seconds to 20 minutes 
at 950 °𝐶, while the treatment after 𝑅𝐸 implantation (post-annealing) ranges from 1 to 15 
minutes at 750 °𝐶 up to 950 °𝐶. The order, energy, doses and ions used for ion implantation 
and the order, time and temperature used for subsequence annealing vary between experiments 
depending on the objective of the experiments. The details of the sample’s implantation and 
annealing order, doses, energy, time and temperature used for each samples fabrication are 
listed in table form for each experiment in chapter 4, 5 and 6. 
 
 
Figure 43: 𝑆𝑖 wafer (top and side view) and the effects of ion implantation with higher implantation energy and 
dose to the wafer 
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Figure 44: Illustration of a piece of sample for conducting 𝑃𝐿 experiments cut from 𝑑𝑜𝑝𝑒𝑑 𝑆𝑖 wafer (left side) 
and the sample’s schematic internal structure from side view (left side). 
 
3.2.2 𝑬𝑳 Samples (𝑫𝑬𝑳𝑬𝑫𝒔) 
To fabricate 𝐷𝐸𝐿𝐸𝐷s for 𝐸𝐿 experiments there are several additional processes 
involved after implantation and annealing the bulk samples. In order to allow external carriers 
to be injected into the sample, ohmic contacts are applied to the front and back of the sample. 
Both of the positive ohmic contacts in the front of the sample consist of 𝐴𝑙 on the 𝑝-type region 
and the negative ohmic contact in the back consisting of 𝐴𝑢𝑆𝑏 eutectic on the 𝑛-type region is 
formed by vacuum evaporation and sintered for 2 minutes at 360 °𝐶. The samples are then 
subsequently mesa etched in order to isolate the 𝑝 − 𝑛 junction. The area of the device is 
8 𝑥 10−3 𝑐𝑚2, while the diameter for the top contact is 1 mm and in the back of the sample, in 
between the contacts, left an opening window to allows the 𝐸𝐿 through. In order to check the 
diode characteristic behaviour of the device, current –voltage (𝐼 − 𝑉) measurements between 
the front and back contacts are performed. The (𝐼 − 𝑉) measurements are made on each 
𝐷𝐸𝐿𝐸𝐷 samples before conducting any 𝐸𝐿 measurements. 
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The wafers are cut into small sizes in a square shape before being mounted on to a 
sample holder, where the positive contact in the middle (front side) and the negative contact in 
the corner (back side) as shown in figure 45. 
 
Figure 45: Illustration of a sample for conducting 𝐸𝐿 experiments cut from 𝑑𝑜𝑝𝑒𝑑 𝑆𝑖 wafer (left side) and the 
sample’s front and back ohmic contacts (left side). 
 
Figure 46: Schematic of the internal structure of 𝐸𝐿 samples from side view. Illustration is redrawn from [48] 
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3.3 CHARACTERIZATION TECHNIQUE 
3.3.1 Photoluminescence  
Photoluminescence is a light emission phenomenon from a material or substance resulting 
from photon absorption. Figure 47 shows the 𝑃𝐿 process which occurs in the samples. When 
laser beam with photon energy higher than the 𝑆𝑖 𝐸𝑔 hits the sample, the energy of the laser’s 
photon is absorbed by electrons in the 𝑆𝑖𝑉𝐵. The electron is then excited from the 𝑆𝑖𝑉𝐵 into the 
𝑆𝑖𝐶𝐵 and returned to edge of the 𝑆𝑖𝐶𝐵  losing some of energy via lattice vibration.  Spontaneous 
emission which causes the electrons relax back from the edge of the 𝑆𝑖𝐶𝐵 to 𝑆𝑖𝑉𝐵. During the 
relaxing process the electron released its energy in the form of light or photon, but the photon 
energy emitted is normally lower (longer wavelength) than the photon energy absorbed by the 
electrons initially because some of the energy is lost in the form of heat through lattice 
vibration.  
 
Figure 47: Illustration of 𝑃𝐿 process 𝑎) absorption of photon energy 𝑏) electron excited from valence band to the 
conduction band 𝑐) relaxation of the excited electron back to the valence band 𝑑) releasing energy in form of 
lower energy photon compared to the energy absorbed. 
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3.3.1.1 Experimental Setup 
 
 
 
 
 
Figure 49: Sample holder which is to be placed inside the cryostat 𝑎) front and side view of the whole sample 
holder 𝑏) front, back and side view of the end of sample holder where the sample is mounted. 
Figure 48: Photoluminescence experimental setup. 
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Figure 48 shows the experimental setup for conducting 𝑃𝐿 experiment and how 
equipment is connected between them. The sample is mounted at the end of the sample holder 
as shown in figure 49 and slowly placed inside an Oxford Instruments CF1204 cryostat and 
positioned as shown in figure 50. The cryostat is vacuumed to prevent fogging and build-up of 
ice caused by water vapour from air inside the cryostat as temperature is cooling down.  The 
sample inside the cryostat is cooled down by transferring cold gas from a liquid nitrogen 
storage dewar by pumping continuously into the cryostat sample space. The temperature inside 
the cryostat is measured by a rhodium-iron resistance thermometer and is regulated using a 
Proportional-Integral-Derivative (𝑃𝐼𝐷) Oxford Instrument ITC503 temperature controller 
ranging from 20 𝐾 up to 300 𝐾 (room temperature). 
  
A continuous wave of green 532𝑛𝑚 argon ion pumped laser generated by Laser 
Quantum – Ventus Solo 532 is used to provide the excitation source for the sample. The laser 
source has the capability to vary laser power between 50 𝑚𝑊 up to 750 𝑚𝑊. The 532 𝑛𝑚 
operating wavelength of the laser provide 2.3 𝑒𝑉 of photons energy which exceed the Si 𝐸𝑔 of 
1.12 𝑒𝑉.  In between the laser and the cryostat there is an optical chopper and a focusing lens. 
Figure 50: Top view, showing 𝐴𝑟 laser hitting the sample and the reflected laser beam is aiming to the wall of the 
cryostat, letting only the sample luminescence to be emitted through the cryostat’s exit window 
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The Signal Recovery Model 197 optical chopper cuts the laser beam at a certain programmable 
frequency rate to produce a square laser pulse with the same frequency as the optical chopper. 
The frequency and phase of the optical chopper is the reference signal which is fed to and 
locked by the Signal Recovery Model 5209 lock-in amplifier. The lock-in amplifier is 
connected with a photodetector and a computer, the lock-in amplifier will only allow any 
optical reading from the detector that matches the frequency and phase of the reference to be 
read and recorded to the computer. This system allows only luminescence from the sample be 
measured and any external or noises signals which do not match the frequency and phase of 
the reference signal will be filtered out. 
 
After passing through the optical chopper, the laser pulses will go through a focusing 
lens which will focus the laser pulses on to the surface of the sample mounted inside the 
cryostat through small opening windows. The sample is positioned and adjusted so that the 
laser will reflect off the surface of the sample and on to the cryostat’s wall therefore allowing 
only the light emission from the sample to exit through the cryostat exit window for 
measurement. The luminescence from the sample cannot be seen by the naked eye as the 
luminescence from the sample falls in the 𝐼𝑅 region of the electromagnetic spectrum. The 
position of the focusing lenses in between the cryostat windows and a spectrometer is adjusted 
so that optimum emission from the sample can be focused into the 3 𝑚𝑚 opening slit of the 
spectrometer. 
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Figure 51: Illustration of how the luminescence from the sample is diffracted into different wavelength by 
diffraction gratings inside a spectrometer. 
 
The spectrometer used is a conventional half-meter grating Horiba MSeries - 500M 
spectrometer. The grating inside the spectrometer will disperse the sample’s luminescence into 
different wavelengths. The different luminescence wavelength is selected for measurement by 
moving mirror gratings and reflected to the photodetector attached to the output of the 
spectrometer. A liquid-nitrogen-cooled 𝑃-𝐼-𝑁 germanium photodetector is used to measures 
the intensity of luminescence between  1000 𝑛𝑚 to 1700 𝑛𝑚 of wavelength while a liquid 
nitrogen cooled extended  𝐼𝑛𝐺𝑎𝐴𝑠 photodetector is used for measurement up to 2200 𝑛𝑚. A 
computer is used to control the spectrometer parameters and to read and process the signals 
detected by the photodetectors for measurement and recording purposes. This is done using 
visual programming language from National Instrument, 𝐿𝑎𝑏𝑉𝐼𝐸𝑊 as the interface between 
user and the computer as shown in figure 52. 
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Figure 52: User interface for controlling the spectrometer's parameters and to view and process the signals read 
from the photodetector. The interface is developed using 𝐿𝑎𝑏𝑉𝐼𝐸𝑊 software.  
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3.3.2 Electroluminescence 
Electroluminescence is a light emission phenomenon from a material or substance 
resulting from electrical current passing through the material. Figure 53 illustrates the process 
of how 𝐸𝐿 occurs in a 𝐷𝐸𝐿𝐸𝐷 samples, before and after electrical current is injected through 
a sample. On the far right and far left of the illustration is the side view illustration of the sample 
holder along with a sample placed in between positive and negative contact, in the middle of 
the sample holder there is an opening window for the luminescence from the sample to pass 
through. 
 
Before any electrical current is injected through the material, the energy barrier existing 
between the 𝑝 − 𝑛 junction is preventing any flow of electron between the sample’s 𝑝 and 𝑛 
region. When electrical current is injected through the sample under a forward bias, the 𝑝 − 𝑛 
junction energy barrier of the sample becomes smaller allowing electrons to move from the 𝑛-
type region to the 𝑝-type region thus current is flowing through the sample between two 
contacts. Electrons are moving from 𝑛-type region to the 𝑝-type region due to the electric field 
applied and the potential barrier created by the dislocation loops will prevent the electrons from 
reaching non radiative centres at the surface. The electrons are instead forced to recombine 
radiatively with hole in the 𝑆𝑖𝑉𝐵 and releases its energy in form of photons energy or light as 
shown on the forward bias illustration in figure 53. 
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Figure 53: Illustration of 𝐸𝐿 process 𝑎) Before electrical current injection 𝑏) After electrical current injected 
 
3.3.2.1 Experimental Setup 
 
Figure 54: 𝐸𝐿 experimental setup. 
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Figure 54 shows the main equipment used and how they are connected for conducting 
the 𝐸𝐿 experiments. The main difference between 𝐸𝐿 and 𝑃𝐿 experiment setup is the 
components used for excitation. In the 𝐸𝐿 setup, a function generator is used to inject electrical 
current through the sample for excitation instead of a laser. The samples used for 𝐸𝐿 
experiments are fabricated with positive and negative contacts on the top and bottom allowing 
current to flow through the sample to generate luminescence.  
 
Figure 55: Sample holder which is to be placed inside the cryostat 𝑎) Front and side view of the whole sample 
holder 𝑏) Front, back and side view of the end of sample holder where the sample is mounted. 𝑐) Side view of 
𝑎) 𝑏) 
𝑐) 
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The sample is mounted on to the wired sample holder as shown in figure 55𝑎. The top 
end of the sample holder is wired with positive and negative terminals where the terminals are 
connected to the function generator. The sample is placed on the base of the sample holder with 
the positive wire is connected to the positive contact of the sample while the negative wire is 
connected to the copper body of the end of the sample holder where the negative contact of the 
sample is in contact with as shown in figure 55𝑏 and figure 55𝑐.  
 
After the sample has been securely mounted onto the sample holder, a current vs. 
voltage (𝐼 − 𝑉) measurement is made by connecting the positive and negative top end of the 
sample holder with the 𝐼 − 𝑉 machine to see if the connection between the sample and the 
terminals of the sample holder is connected properly. The 𝐼 − 𝑉 curve should show a diode-
characteristic reading and if the reading does not show a good 𝐼 − 𝑉 curve, this might be due 
to a reason that the sample is not mounted properly or the sample itself is defective. 
 
Figure 56: Current against voltage graph showing the 𝐼 − 𝑉 curve of a diode.  
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Once the sample is able to produce diode 𝐼 − 𝑉 characteristics, then the sample along 
with the holder is securely placed slowly inside the cryostat. The function generator is used to 
generate current and supply to the sample through the terminals of the sample holder. The 
current supplied to the sample is in form of alternating current (𝑎𝑐) therefore instead of having 
the optical chopper’s frequency as a reference for the lock-in amplifier as in 𝑃𝐿 setup, the 
current frequency is used as reference as shown in the experimental setup in figure 54. With 
sufficient current supplied the sample will start to generate luminescence out of the opening 
window of the cryostat for measurement. The luminescence measurement follows the same 
process and the same equipment as in 𝑃𝐿 experimental setup. 
 
𝑃𝐿 measurement is conducted for optimizing the samples while 𝐸𝐿 measurement is 
conducted on the optimized samples to demonstrate the capability of the devices to operate via 
electrical current injection. The measurements for optimization of the samples are performed 
at 80 𝐾 of temperature because the efficiency of competing nonradiative process is greatly 
reduce at very low temperatures therefore reducing the thermal quenching and broadening 
effects. Therefore, higher and narrower luminescence peak intensity can be obtained at 
cryogenic temperature.
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4. EUROPIUM DOPED IN SILICON 
4.1 INTRODUCTION  
 This chapter presents the experimental 𝑃𝐿 and 𝐸𝐿 results conducted on 𝐸𝑢 doped in 𝑆𝑖 
samples. The experiments aim to optimize the sample fabrication conditions to achieve the 
optimum luminescence intensity. This chapter is divided into 3 sections of 𝑃𝐿 experiments, 𝐸𝐿 
experiments and the conclusion of the experiments findings. The 𝑃𝐿 experiments include 
studying the 𝑃𝐿 spectra from 𝐸𝑢 doped in 𝑆𝑖 sample with and without dislocation loops 
introduced, with and without pre-annealing treatments, at different pre-annealing time, at 
different 𝐸𝑢 post-implantation dose and temperature, at different post-annealing temperature, 
with and without co-implantation of 𝑂 and fabricated on different platforms. The 𝐸𝐿 
experiments demonstrate the capabilities of the 𝐸𝑢 doped in 𝑆𝑖 𝐷𝐸𝐿𝐸𝐷 device to operate via 
injection of electrical currents at different temperatures. 
 
 For each experiment, the aim is explained including the parameters used for the 
experiment. Then follows with the fabrication details of the samples used in the experiment 
which are summarized in table form. The following section highlights the 𝑃𝐿 and 𝐸𝐿 spectra 
collected from the experiment. The experimental results are summarized to highlight the main 
findings at the end of each experiment. 
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4.2 PHOTOLUMINESCENCE 
4.2.1 Silicon Doped with 𝑬𝒖 with and without Dislocation Loops 
The aim of this experiment is to study the luminescence spectrum of the 𝐸𝑢 ion 
implanted into bulk 𝑆𝑖 samples with and without dislocation loops introduced into the sample. 
The temperature of the sample is maintained at 80 𝐾 and the sample is excited using 200 𝑚𝑊 
of 532 𝑛𝑚 laser. The measurements are taken from 1000 𝑛𝑚 up to 1800 𝑛𝑚 of wavelength.  
Samples Details  
2 samples are used in this experiment, sample 𝑆_𝐸𝑢 has no dislocation loops introduced 
while sample 𝑆_𝐵𝐸𝑢 has dislocation loops introduced via 𝐵 implantation. Both 𝑆_𝐸𝑢 and 
𝑆_𝐵𝐸𝑢 sample are implanted with 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ions at 400 𝐾𝑒𝑉 which is followed by 
post annealing at 850°𝐶 for 1 𝑚𝑖𝑛. The 𝑆_𝐵𝐸𝑢 sample is pre-implanted with 1𝑥1015 𝑐𝑚−2 of 
𝐵 ions at 30 𝐾𝑒𝑉  and pre-annealed at 950 °𝐶 for 1 𝑚𝑖𝑛 to introduce and form the dislocation 
loops. Both 𝐵 and 𝐸𝑢 are implanted at room temperature. Table 2 shows the summary of the 
samples used in this experiment. 
𝑺_ 
 
 
  
Sample's name B implant (𝒄𝒎−𝟐) 𝑩 anneal (𝑪/𝒎𝒊𝒏) 𝑬𝒖 implant (𝒄𝒎−𝟐) 𝑬𝒖 anneal (𝑪/𝒎𝒊𝒏) 
𝑬𝒖 − − 1𝑥1014 850/1 
𝑩𝑬𝒖 𝟏𝒙𝟏𝟎𝟏𝟓 𝟗𝟓𝟎/𝟏 1𝑥1014 850/1 
Table 2: The sample details of 𝐸𝑢 ions implanted in 𝑛-type 𝑆𝑖 [1 0 0] substrate used in this experiment. The 
samples’ fabrication is in order from left to right. All the samples are pre-implanted at 30 𝑘𝑒𝑉 and post-implanted 
at 400 𝑘𝑒𝑉. 
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Experiment Results 
 
Figure 57: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) on 𝐸𝑢3+ doped 𝑆𝑖 samples without any 
dislocation loop introduced (𝑆_𝐸𝑢) and with dislocation loop introduced (𝑆_𝐵𝐸𝑢). The samples are excited using 
532 𝑛𝑚 laser at 200 𝑚𝑊 at 80 𝐾 of sample temperature. Luminescence peaks at 1127 𝑛𝑚 (𝑆𝑖), 1322 𝑛𝑚, 
1383 𝑛𝑚, 1404 𝑛𝑚, 1423 nm, 1444 𝑛𝑚 and 1483 𝑛𝑚 (𝐸𝑢) are observed from the 𝑆_𝐵𝐸𝑢 sample while only 
luminescence peak at 1127 𝑛𝑚 (𝑆𝑖) is observed from the 𝑆_𝐸𝑢 sample. 
 
Figure 57 shows the 2 𝑃𝐿 spectra collected from the sample 𝑆_𝐸𝑢 which is implanted 
with 𝐸𝑢 only without any dislocation loops introduced and from the sample 𝑆_𝐵𝐸𝑢 which is 
implanted with 𝐵 to introduced dislocation loops and 𝐸𝑢 at 80 𝐾 of temperature. The 
𝑆_𝐸𝑢 sample only gives small luminescence peak at 1127 𝑛𝑚 (1.1 𝑒𝑉) while 𝑆_𝐵𝐸𝑢 sample 
able to give high luminescence intensity between 1250 𝑛𝑚 and 1750 𝑛𝑚  which consist of 
2 main sharp and narrow peaks at 1404 𝑛𝑚 (0.883 𝑒𝑉) and 1444 𝑛𝑚 (0.859 𝑒𝑉) and 4 
smaller peaks at 1322 𝑛𝑚 (0.938 𝑒𝑉),  1383 𝑛𝑚 (0.865 𝑒𝑉), 1423 𝑛𝑚 (0.871 𝑒𝑉) and 
1483 𝑛𝑚 (0.836 𝑒𝑉). The peaks observed between 1250 𝑛𝑚 and 1750 𝑛𝑚  are imposed on 
a broader 𝑃𝐿 which centred around 1450 𝑛𝑚.  
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The luminescence peak at 1127 𝑛𝑚 which can be observed in both 𝑃𝐿 spectra is 
attributed to 𝑆𝑖-band-edge luminescence resulting from the energy transition from electron 
between the 𝑆𝑖𝐶𝐵 to the 𝑆𝑖𝑉𝐵, while the luminescence between 1250 𝑛𝑚 and 1750 𝑛𝑚 is 
attributed to the 𝐸𝑢-related luminescence and the energy transition of the 𝐸𝑢-related 
luminescence peaks will be discussed in detail in the discussion chapter (chapter 7). 
 
Summary  
The 𝑃𝐿 spectra collected show that the 𝐸𝑢-related luminescence between 1250 𝑛𝑚 to 
1750 𝑛𝑚 is strongly dependent on the presence of dislocation loops in the sample through the 
implantation of 𝐵 ion as the 𝐸𝑢-related luminescence can only be observed in the sample which 
is pre-implanted with 𝐵. The peaks observed from both 𝑃𝐿 spectra are summarized in table 3. 
 
 
 
 
 
Table 3: List of luminescence peaks observed at 80 𝐾 of temperature from 𝑃𝐿 spectra collected from both sample 
𝑆_𝐸𝑢 which is implanted with 𝐸𝑢 only without any dislocation loop introduced and from the sample 𝑆_𝐵𝐸𝑢 which 
is implanted with 𝐵 to introduce dislocation loops. In bold are the main bright and sharp 𝐸𝑢-related luminescence 
peaks observed. 
Sample 𝑺_𝑬𝒖 𝑺_𝑩𝑬𝒖 
Luminescence 
Peak 
1127 𝑛𝑚 (1.1 𝑒𝑉) 1127 𝑛𝑚 (1.1 𝑒𝑉) 
 1322 𝑛𝑚 (0.938 𝑒𝑉) 
 1383 𝑛𝑚 (0.896 𝑒𝑉) 
 𝟏𝟒𝟎𝟒 𝒏𝒎 (𝟎. 𝟖𝟖𝟑 𝒆𝑽) 
 1423 𝑛𝑚 (0.871 𝑒𝑉) 
 𝟏𝟒𝟒𝟒 𝒏𝒎 (𝟎. 𝟖𝟓𝟗 𝒆𝑽) 
 1483 𝑛𝑚 (0.836 𝑒𝑉) 
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4.2.2 𝑬𝒖 Ions Implantation Dose and Pre-Annealing Condition Dependent 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝐸𝑢 implanted into 𝑆𝑖 samples 
with different 𝐸𝑢 implantation dose and with and without pre-annealing treatment. The 𝐸𝑢 ion 
is implanted at different doses ranging between 8𝑥1013 𝑐𝑚−2 to 1𝑥1015 𝑐𝑚−2. Pre-annealing 
treatment is the subsequent annealing process after the implantation of the 𝐵 ion into the sample 
to repair the lattice damage and to engineer the dislocation loops. The temperature of the sample 
is maintained at 80 𝐾 and the sample is excited using 100 𝑚𝑊 of 532 𝑛𝑚 laser. The 
measurements are taken from 1000 𝑛𝑚 up to 1700 𝑛𝑚 of wavelength.  
Sample Details  
2 sets of sample are used in this experiment, the 1𝑠𝑡 set (𝐸𝑢1) is pre-annealed at 950°𝐶 
for 90 𝑠𝑒𝑐 while the 2𝑛𝑑 set (𝐸𝑢2) is not pre-annealed after 𝐵 implantation. In each set there 
are 6 samples, sample 𝐴, 𝐵, 𝐶, 𝐷, 𝐸 and 𝐹 are post-implanted at  8𝑥1013, 1𝑥1014 , 3𝑥1014,
5𝑥1014 𝑐𝑚−2, 8𝑥1014 𝑐𝑚−2 and 1𝑥1015 𝑐𝑚−2 of 𝐸𝑢 doses at 400 𝐾𝑒𝑉. All the samples are 
pre-implanted with 1𝑥1015𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and post-annealed at 850 °𝐶 for 1 𝑚𝑖𝑛. Both 
𝐵 and 𝐸𝑢 are implanted at room temperature. Table 4 shows the summary of the samples used 
in this experiment. 
𝑬𝒖𝟏_  
  
Sample's name B implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑬𝒖 implantation dose (𝒄𝒎−𝟐) 
𝑨 1𝑥1015 950/1.5 𝟖𝒙𝟏𝟎𝟏𝟑 
𝑩 1𝑥1015 950/1.5 𝟏𝒙𝟏𝟎𝟏𝟒 
𝑪 1𝑥1015 950/1.5 𝟑𝒙𝟏𝟎𝟏𝟒 
𝑫 1𝑥1015 950/1.5 𝟓𝒙𝟏𝟎𝟏𝟒 
𝑬 1𝑥1015 950/1.5 𝟖𝒙𝟏𝟎𝟏𝟒 
𝑭 1𝑥1015 950/1.5 𝟏𝒙𝟏𝟎𝟏𝟓 
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𝑬𝒖𝟐_  
  
Sample's name B implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑬𝒖 implantation dose (𝒄𝒎−𝟐) 
𝑨 1𝑥1015 − 𝟖𝒙𝟏𝟎𝟏𝟑 
𝑩 1𝑥1015 − 𝟏𝒙𝟏𝟎𝟏𝟒 
𝑪 1𝑥1015 − 𝟑𝒙𝟏𝟎𝟏𝟒 
𝑫 1𝑥1015 − 𝟓𝒙𝟏𝟎𝟏𝟒 
𝑬 1𝑥1015 − 𝟖𝒙𝟏𝟎𝟏𝟒 
𝑭 1𝑥1015 − 𝟏𝒙𝟏𝟎𝟏𝟓 
Table 4: List of 𝐸𝑢 ion implanted in 𝑆𝑖 samples with different 𝐸𝑢 implantation dose and pre-annealing condition. 
All the samples listed are pre-implanted at 30 𝑘𝑒𝑉, post implanted at 400 𝑘𝑒𝑉 and post-annealed at 
850 °𝐶 for 1 𝑚𝑖𝑛. 
Experiment results 
 
Figure 58: Graph of intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for different 𝐸𝑢 ions implantation dose for the set of 
samples pre-annealed treatment (𝐸𝑢1). The implantation dose ranges from 8𝑥1013 to 1𝑥1015 𝑐𝑚−2. The samples 
are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample temperature. 𝐸𝑢-related emission peaks at 
1400 𝑛𝑚, and 1444 𝑛𝑚 (𝐸𝑢) are observed. Highlighted in yellow shows the sample optimum dose which gave 
highest luminescence intensity at 1400 𝑛𝑚. 
1000 1100 1200 1300 1400 1500 1600 1700
0
200
400
600
800
1000
1200
1400
In
te
ns
ity
 (a
.u
.)
Wavelength (nm)
 8x10^13 cm^-2
 1x10^14 cm^-2
 3x10^14 cm^-2
 5x10^14 cm^-2
 8x10^14 cm^-2
 1x10^15 cm^-2
𝟏
𝟒
𝟎
𝟎
 𝒏
𝒎
 
𝟏
𝟒
𝟒
𝟒
 𝒏
𝒎
 
𝑩 annealled  
𝟗𝟓𝟎°𝑪 /𝟏. 𝟓𝒎𝒊𝒏 
 
  
110 CHAPTER 4 – EUROPIUM DOPED IN SILICON 
 
Figure 59: Graph of Intensity (𝑎. 𝑢.) vs 𝐸𝑢 ion implantation dose (𝑐𝑚−2) for 𝑆𝑖 peak (1127.5 𝑛𝑚) and 4 main 𝐸𝑢 
peaks (1400 and 1442 𝑛𝑚) for samples with pre-annealed treatment (𝐸𝑢1). The implantation dose ranges from 
8𝑥1013 to 1𝑥1015 𝑐𝑚−2. The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample temperature. 
The samples with  1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion implanted gives high luminescence intensity (around 1300 𝑎. 𝑢) 
at 1400 𝑛𝑚. The lines are connected between data points. 
  
Figure 60: Graph of integrated intensity (𝑎. 𝑢.) vs. 𝐸𝑢 ion implantation dose (𝑐𝑚−2) for 3 different spectra region 
for samples with pre-annealed treatment (𝐸𝑢1). The 𝑆𝑖 region covers from 1000 to 1196 𝑛𝑚, from 1196 to 
1700 𝑛𝑚 is the 𝐸𝑢 region and 1000 to 1700 𝑛𝑚 is the total region. The implantation dose ranges from 8𝑥1013 
to 1𝑥1015 𝑐𝑚−2. The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample temperature. The 
samples with  1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion implanted gives high integrated intensity. The lines are connected between 
data points. 
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Figure 61: Graph of intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for different 𝐸𝑢 ions implantation dose for the set of 
samples without any pre-annealed treatment (𝐸𝑢2). The implantation dose ranges from 8𝑥1013 to 1𝑥1015 𝑐𝑚−2. 
The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample temperature. 𝐸𝑢-related emission 
peaks at 1402 𝑛𝑚 and 1445 𝑛𝑚 (𝐸𝑢) is observed.  
 
Figure 62: Graph of Intensity (𝑎. 𝑢.) vs 𝐸𝑢 ion implantation dose (𝑐𝑚−2) for 𝑆𝑖 peak (1127 𝑛𝑚) and 4 main 𝐸𝑢 
peaks (1402 and 1445 𝑛𝑚) for samples without any pre-annealing treatment (2𝑛𝑑  set). The implantation dose 
ranges from 8𝑥1013 to 1𝑥1015 𝑐𝑚−2. The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample 
temperature. The samples with  1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion implanted gives high luminescence intensity 
(around 700 𝑎. 𝑢) at 1402 𝑛𝑚 for this set of samples. The lines are connected between data points. 
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Figure 63: Graph of integrated intensity (𝑎. 𝑢.) vs. 𝐸𝑢 ion implantation dose (𝑐𝑚−2) for 3 different spectra region 
for samples without any pre-annealing treatment (2𝑛𝑑  set). The 𝑆𝑖 region covers from 1000 to 1196 𝑛𝑚, from 
1196 to 1700 𝑛𝑚 is the 𝐸𝑢 region and 1000 to 1700 𝑛𝑚 is the total region. The implantation dose ranges from 
8𝑥1013 to 1𝑥1015 𝑐𝑚−2. The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample temperature. 
The samples with  1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion implanted gives high integrated intensity for this set of samples. The 
lines are connected between data points. 
 
Figure 64: Graph of integrated intensity (𝑎. 𝑢.) vs. 𝐸𝑢 ion implantation dose (𝑐𝑚−2) from samples with pre-
annealing treatment (𝐸𝑢1) and samples without any pre-annealing treatment (𝐸𝑢2). The integrations are made 
between 1000 𝑛𝑚 to1700 𝑛𝑚. The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample 
temperature. The samples with  pre-annealing treatment gives highest integrated intensity at 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 
post-implantation dose. The lines are connected between data points. 
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Figure 58 shows the 𝑃𝐿 spectra collected from 𝐸𝑢1 set of samples at 80 𝐾 of 
temperature. The samples are pre-annealed at 950 °𝐶 for 90 𝑠𝑒𝑐 and post-implanted at 
different 𝐸𝑢 ions implantation dose ranging from 8𝑥1013 𝑐𝑚−2 to 1𝑥1015 𝑐𝑚−2. There are 2 
main 𝐸𝑢-related luminescence peaks at , 1400 𝑛𝑚 (0.886 𝑒𝑉) and 1444 𝑛𝑚 (0.859 𝑒𝑉) and 
few smaller peaks around 1319 𝑛𝑚 (0.940 𝑒𝑉), 1363 𝑛𝑚 (0.910 𝑒𝑉), 1389 𝑛𝑚 (0.893 𝑒𝑉), 
1420 𝑛𝑚 (0.873 𝑒𝑉),  1466 𝑛𝑚 (0.846 𝑒𝑉), 1508 𝑛𝑚 (0.822 𝑒𝑉) and 1559 𝑛𝑚 
(0.795 𝑒𝑉) which can be observed. The smaller peaks can be observed from sample which is 
implanted with 8𝑥1013 𝑐𝑚−2 and 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 implantation dose and hardly visible 
from sample which is post implanted with 𝐸𝑢 ions implantation dose of 3𝑥1014 𝑐𝑚−2 and 
higher. 
 
Figure 59 and figure 60 show the intensity for the 2 main 𝐸𝑢-related luminescence 
peaks and the integrated intensity against the 𝐸𝑢 ions implantation dose ranging from 
8𝑥1013 𝑐𝑚−2 to 1𝑥1015 𝑐𝑚−2 from 𝐸𝑢1 samples. The integration is divided into 2 region 
from the whole spectrum, where the spectrum region from 1000 𝑛𝑚 to 1196 𝑛𝑚 is considered 
the 𝑆𝑖-region as the 𝑆𝑖-band-edge luminescence occurs within this region while the spectrum 
region from 1196 𝑛𝑚 to 1700 𝑛𝑚 is considered the 𝐸𝑢-region as the 𝐸𝑢-related luminescence 
occurs within this region. All main 𝐸𝑢-related luminescence peaks decrease in intensity 
drastically as the 𝐸𝑢 ion implantation dose increases from 8𝑥1013 𝑐𝑚−2 to 5𝑥1014 𝑐𝑚−2 
except for the highest luminescence peak at 1400 𝑛𝑚 where it increases slightly when the 𝐸𝑢 
implantation dose increases from 8𝑥1013 𝑐𝑚−2 to 1𝑥1014 𝑐𝑚−2 reaches its maximum 
intensity and starts decreasing drastically in intensity as the 𝐸𝑢 implantation dose increases to 
5𝑥1014 𝑐𝑚−2. All the peaks intensity remains low and continues to drop and loses most of the 
peaks as the 𝐸𝑢 implantation dose increases from 5𝑥1013 𝑐𝑚−2 to 1𝑥1015 𝑐𝑚−2. The 
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integrated luminescence intensity increases to its highest intensity at 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 
implantation dose and decreases slowly as the 𝐸𝑢 implantation dose increases to 1𝑥1015 𝑐𝑚−2. 
 
Figure 61 shows the 𝑃𝐿 spectra collected from 𝐸𝑢2 set of samples at 80 𝐾 of 
temperature. The samples are post-implanted at different 𝐸𝑢 ions implantation dose ranging 
from 8𝑥1013 𝑐𝑚−2 to 1𝑥1015 𝑐𝑚−2 without any pre-annealing treatment. The 𝑃𝐿 spectra from 
𝐸𝑢2 samples are lower in intensity compare to the 𝑃𝐿 spectra from 𝐸𝑢1 samples in figure 58. 
There are 2 main 𝐸𝑢-related luminescence peaks at 1402 𝑛𝑚 (0.884 𝑒𝑉), and 1445 𝑛𝑚 
(0.858 𝑒𝑉) and few smaller peaks around 1319 𝑛𝑚 (0.940 𝑒𝑉), 1389 𝑛𝑚 (0.893 𝑒𝑉), 
1420 𝑛𝑚 (0.873 𝑒𝑉), 1469 𝑛𝑚 (0.844 𝑒𝑉), 1508 𝑛𝑚 (0.822 𝑒𝑉) and 1560 𝑛𝑚 
(0.795 𝑒𝑉) which can be observed. The smaller peaks can only be observed from sample 
which is implanted with 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 implantation dose.  
 
Figure 62 and figure 63 show the intensity for the 2 main 𝐸𝑢-related luminescence 
peaks and the integrated intensity against the increase of 𝐸𝑢 ions implantation dose ranging 
from 8𝑥1013 𝑐𝑚−2 to 1𝑥1015 𝑐𝑚−2 from 𝐸𝑢2 samples. All main 𝐸𝑢-related luminescence 
peaks increase rapidly as the 𝐸𝑢 implantation dose increase from 8𝑥1013 𝑐𝑚−2 to 
1𝑥1014 𝑐𝑚−2 and reaches their peak intensity at 1𝑥1014 𝑐𝑚−2 with highest luminescence peak 
at 1402 𝑛𝑚 observed. All the peaks then reduce in intensity drastically as the 𝐸𝑢 implantation 
dose increase to 3𝑥1014 𝑐𝑚−2 to almost completely quenches and the intensity peaks maintain 
their low intensity as the 𝐸𝑢 implantation dose increases to 1𝑥1015 𝑐𝑚−2. The integrated 
luminescence intensity increases to its highest intensity at 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 implantation 
dose and decreases slowly as the 𝐸𝑢 implantation dose increases to 1𝑥1015 𝑐𝑚−2. The 
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luminescence from samples 𝐸𝑢2 quenches more rapidly compare to the luminescence from 
samples 𝐸𝑢1. There is hardly any 𝑆𝑖 peak can be observed and there is no significant change 
in intensity can be observed from the 𝑆𝑖 peak at different 𝐸𝑢 implantation dose.  
 
Figure 64 shows the total luminescence intensity from both samples with pre-annealing 
treatment 𝐸𝑢1 and sample without pre-annealing treatment 𝐸𝑢2 integrated between 1000 𝑛𝑚 
to 1700 𝑛𝑚. Overall, the total luminescence intensity from sample 𝐸𝑢1 is higher than the total 
luminescence intensity from sample 𝐸𝑢2. At 1𝑥1014 𝑐𝑚−2 which is the optimum 𝐸𝑢 
implantation dose for both samples, the total luminescence intensity emitted from sample 
𝐸𝑢1 is about 3 times higher in intensity compare to the total luminescence intensity emitted 
from sample 𝐸𝑢2. The difference between the total luminescence intensity from both set of 
sample is smaller as the post-implantation dose increases as the total luminescence intensity 
sample 𝐸𝑢1 reduces at higher rate than sample 𝐸𝑢2. 
 
Summary 
The results collected show that the 𝐸𝑢-related luminescence intensity from the sample 
is strongly dependent on the dose of 𝐸𝑢 ions implanted into the sample and the pre-annealing 
condition of the sample. The luminescence intensity quenches at 𝐸𝑢 implantation dose higher 
than 1𝑥1014 𝑐𝑚−2 and the sample emit higher luminescence intensity with pre-annealing 
treatment. The optimum 𝐸𝑢 implantation dose at 1𝑥1014 𝑐𝑚−2 with about 2 times higher 
luminescence intensity at 1402 𝑛𝑚 on the sample with pre-annealing treatment. 
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4.2.3 Pre-annealing Time Dependent 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝐸𝑢 implanted into 𝑆𝑖 samples 
which are pre-annealed at different times. The samples are pre-annealed from 1 𝑚𝑖𝑛 up to 
60 𝑚𝑖𝑛 with one sample not pre-annealed at all. The temperature of the sample is maintained 
at 80 𝐾 and the sample is excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser. The measurements are taken 
from 1000 𝑛𝑚 up to 1700 𝑛𝑚 of wavelength.  
Sample Details  
The samples are pre-implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and pre-annealed at 
950 °𝐶 for different duration, sample 𝐸𝑢3_𝐴, 𝐵, 𝐶, 𝐷, 𝐸, 𝐹 and 𝐺 are pre-annealed for 
1, 2, 5, 10, 20, 40 and 60 minutes while sample 𝐸𝑢3_𝐻 is not pre-annealed.  All the samples 
are post-implanted at 1𝑥1014  of 𝐸𝑢 at 400 𝐾𝑒𝑉 and post-annealed at 800 °𝐶 for 1 𝑚𝑖𝑛. Both 
𝐵 and 𝐸𝑢 are implanted at room temperature. Table 5 shows the summary of the samples used 
in this experiment. 
𝑬𝒖𝟑_ 
    
Sample's name B implant (𝒄𝒎−𝟐) B anneal (°𝑪/𝒎𝒊𝒏) 𝑬𝒖 implant (𝒄𝒎−𝟐) 𝑬𝒖 anneal (°𝑪/𝒎𝒊𝒏) 
𝑨 1𝑥1015 𝟗𝟓𝟎/𝟏 1𝑥1014 800/1 
𝑩 1𝑥1015 𝟗𝟓𝟎/𝟐 1𝑥1014 800/1 
𝑪 1𝑥1015 𝟗𝟓𝟎/𝟓 1𝑥1014 800/1 
𝑫 1𝑥1015 𝟗𝟓𝟎/𝟏𝟎 1𝑥1014 800/1 
𝑬 1𝑥1015 𝟗𝟓𝟎/𝟐𝟎 1𝑥1014 800/1 
𝑭 1𝑥1015 𝟗𝟓𝟎/𝟒𝟎 1𝑥1014 800/1 
𝑮 1𝑥1015 𝟗𝟓𝟎/𝟔𝟎 1𝑥1014 800/1 
𝑯 1𝑥1015 − 1𝑥1014 800/1 
Table 5: The details of 𝐸𝑢 ion implanted in 𝑆𝑖 samples used in this experiment. All the samples are pre-implanted 
at 30 𝑘𝑒𝑉 and post-implanted at 400 𝑘𝑒𝑉. The samples vary on the pre-implantation time ranging between 1 𝑚𝑖𝑛 
up to 60 𝑚𝑖𝑛. 
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Experiment results 
 
Figure 65: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) result from sample 𝐸𝑢3 at different pre-
annealed time ranging from 0 up to 60 𝑚𝑖𝑛. There are 4 main 𝐸𝑢-related luminescence peaks observed 
at 1389 𝑛𝑚 (0.893 𝑒𝑉), 1400 𝑛𝑚 (0.886 𝑒𝑉), 1420 𝑛𝑚 (0.873 𝑒𝑉) and 1444 𝑛𝑚 (0.858 𝑒𝑉) The sample is 
excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 80 𝐾 of sample temperature. Highlighted in yellow is showing the pre-
annealing time which gave the brightest luminescence intensity. 
    
Figure 66: Graph of 𝑎) intensity (𝑎. 𝑢.) and 𝑏) integrated intensity (𝑎. 𝑢.) against different pre-annealing time 
ranging from 1 𝑚𝑖𝑛 up to 60 𝑚𝑖𝑛. The samples are excited using 532 𝑛𝑚 laser at 50 𝑚𝑊 at 80 𝐾 of sample 
temperature. The samples with 1 𝑚𝑖𝑛 of pre-annealing time gives high luminescence intensity at 1401.8 𝑛𝑚. The 
lines are connected between data points. 
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Figure 65 shows the 𝑃𝐿 spectra collected from sample 𝐸𝑢3_𝐴,𝐵, 𝐶, 𝐷, 𝐸, 𝐹 and 𝐺 
which were pre-annealed for 1, 2, 5, 10, 20, 40 and 60 minutes and sample 𝐸𝑢3_𝐻 which was 
not pre-annealed. There are 4 main 𝐸𝑢-related luminescence peaks observed at 1389 𝑛𝑚 
(0.893 𝑒𝑉), 1400 𝑛𝑚 (0.886 𝑒𝑉), 1420 𝑛𝑚 (0.873 𝑒𝑉) and 1444 𝑛𝑚 (0.858 𝑒𝑉) imposed 
on a broader spectrum ranging from 1300 𝑛𝑚 to 1700 𝑛𝑚.  
 
Figure 66 shows the main 𝐸𝑢-related luminescence intensity peaks and the integrated 
luminescence intensity against the pre-annealing time ranging from 0 up to 60 𝑚𝑖𝑛𝑠. The 
highest luminescence intensity in both peaks and integration are emitted from sample 𝐸𝑢3_𝐴 
which is pre-annealed for 1 𝑚𝑖𝑛 with the luminescence peak at 1400 𝑛𝑚 being the brightest 
peaks. As the pre-annealing temperature increases from 1 𝑚𝑖𝑛 to 40 𝑚𝑖𝑛, the luminescence 
quenches rapidly with a slight increase at 10 min of pre-annealing time.  Again the 
luminescence increases slightly at 60 𝑚𝑖𝑛 after reaching its lowest luminescence at 40 𝑚𝑖𝑛 of 
pre-annealing time. Sample 𝐸𝑢3_𝐻 which is not pre-annealed emits approximately the same 
emission with the 𝐸𝑢3_𝐸 and 𝐸𝑢3_𝐺 sample which is pre-annealed for 20 𝑚𝑖𝑛 and 60 𝑚𝑖𝑛. 
 
Summary 
The results collected show that the 𝐸𝑢-related luminescence intensity from the sample 
is strongly dependent on the duration of the pre-annealing treatment on the samples. 1 𝑚𝑖𝑛 of 
pre-annealing time is the optimum duration for the pre-annealing treatment. 
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4.2.4 Post-Implantation Temperature Dependent 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝐸𝑢 implanted into 𝑆𝑖 samples 
with different post-implantation and post-annealing temperature. Post-implantation is the 
implantation of 𝐸𝑢 ions and the post-annealing is the annealing treatment process after the 𝐸𝑢 
implantation for repairing the lattice damage and to activate the doped 𝐸𝑢 ions. The samples 
are post-implanted at temperature ranging between room temperature to 400°𝐶 and post-
annealed at temperature ranging between 700°𝐶 to 1000°𝐶. The temperature of the sample is 
maintained at 80 𝐾 and the sample is excited using 200 𝑚𝑊 of 532 𝑛𝑚 laser. The 
measurements are taken from 1000 𝑛𝑚 up to 2200 𝑛𝑚 of wavelength.  
Sample Details  
There are 5 set of samples used in this experiment, 𝐸𝑢7, 𝐸𝑢8, 𝐸𝑢9 and 𝐸𝑢10 where 
each set corresponds to different post-annealing temperature at 700 °𝐶, 800 °𝐶, 900 °𝐶 and 
1000 °𝐶. In each set of samples there are 5 samples, 𝐸𝑢(𝑥)_𝑅, 1, 2, 3 and 4 correspond to 
different post-implantation temperature at room temperature, 100 °𝐶, 200 °𝐶, 300 °𝐶 and 
400 °𝐶 with 1𝑥1014  of 𝐸𝑢 post-implanted at 400 𝐾𝑒𝑉 and post-annealed for 1 𝑚𝑖𝑛.  All the 
samples are pre-implanted 1𝑥1015𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and pre-annealed at 950 °𝐶 for 30 𝑠𝑒𝑐. 
Both 𝐵 and 𝐸𝑢 are implanted at room temperature. Table 6 shows the summary of the samples 
used in this experiment. 
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𝑬𝒖𝟕_ (post-annealed at 𝟕𝟎𝟎 °𝑪) 
Sample's name 𝑩 anneal 
(°𝑪/𝒎𝒊𝒏) 
𝑬𝒖 implantation 
dose (𝒄𝒎−𝟐) 
𝑬𝒖 implantation 
energy (°𝑪/𝒌𝒆𝑽) 
𝑬𝒖 annealing 
temperature (°𝑪/𝒎𝒊𝒏) 
𝑹 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝑹𝑻/𝟒𝟎𝟎 𝟕𝟎𝟎/𝟏 
𝟏 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟏𝟎𝟎/𝟒𝟎𝟎 𝟕𝟎𝟎/𝟏 
𝟐 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟐𝟎𝟎/𝟒𝟎𝟎 𝟕𝟎𝟎/𝟏 
𝟑 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟑𝟎𝟎/𝟒𝟎𝟎 𝟕𝟎𝟎/𝟏 
4 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟒𝟎𝟎/𝟒𝟎𝟎 𝟕𝟎𝟎/𝟏 
 
𝑬𝒖𝟖_ (post-annealed at 𝟖𝟎𝟎 °𝑪) 
Sample's name 𝑩 anneal 
(°𝑪/𝒎𝒊𝒏) 
𝑬𝒖 implantation 
dose (𝒄𝒎−𝟐) 
𝑬𝒖 implantation 
energy (°𝑪/𝒌𝒆𝑽) 
𝑬𝒖 annealing 
temperature (°𝑪/𝒎𝒊𝒏) 
𝑹 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝑹𝑻/𝟒𝟎𝟎 𝟖𝟎𝟎/𝟏 
𝟏 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟏𝟎𝟎/𝟒𝟎𝟎 𝟖𝟎𝟎/𝟏 
𝟐 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟐𝟎𝟎/𝟒𝟎𝟎 𝟖𝟎𝟎/𝟏 
𝟑 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟑𝟎𝟎/𝟒𝟎𝟎 𝟖𝟎𝟎/𝟏 
4 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟒𝟎𝟎/𝟒𝟎𝟎 𝟖𝟎𝟎/𝟏 
 
𝑬𝒖𝟗_ (post-annealed at 𝟗𝟎𝟎 °𝑪) 
Sample's name 𝑩 anneal 
(°𝑪/𝒎𝒊𝒏) 
𝑬𝒖 implantation 
dose (𝒄𝒎−𝟐) 
𝑬𝒖 implantation 
energy (°𝑪/𝒌𝒆𝑽) 
𝑬𝒖 annealing 
temperature (°𝑪/𝒎𝒊𝒏) 
𝑹 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝑹𝑻/𝟒𝟎𝟎 𝟗𝟎𝟎/𝟏 
𝟏 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟏𝟎𝟎/𝟒𝟎𝟎 𝟗𝟎𝟎/𝟏 
𝟐 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟐𝟎𝟎/𝟒𝟎𝟎 𝟗𝟎𝟎/𝟏 
𝟑 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟑𝟎𝟎/𝟒𝟎𝟎 𝟗𝟎𝟎/𝟏 
4 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟒𝟎𝟎/𝟒𝟎𝟎 𝟗𝟎𝟎/𝟏 
 
𝑬𝒖𝟏𝟎_ (post-annealed at 𝟏𝟎𝟎𝟎 °𝑪) 
Sample's name 𝑩 anneal 
(°𝑪/𝒎𝒊𝒏) 
𝑬𝒖 implantation 
dose (𝒄𝒎−𝟐) 
𝑬𝒖 implantation 
energy (°𝑪/𝒌𝒆𝑽) 
𝑬𝒖 annealing 
temperature °𝑪/𝒎𝒊𝒏) 
𝑹 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝑹𝑻/𝟒𝟎𝟎 𝟏𝟎𝟎𝟎/𝟏 
𝟏 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟏𝟎𝟎/𝟒𝟎𝟎 𝟏𝟎𝟎𝟎/𝟏 
𝟐 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟐𝟎𝟎/𝟒𝟎𝟎 𝟏𝟎𝟎𝟎/𝟏 
𝟑 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟑𝟎𝟎/𝟒𝟎𝟎 𝟏𝟎𝟎𝟎/𝟏 
4 𝟏𝒙𝟏𝟎𝟏𝟓 1𝑥1014 𝟒𝟎𝟎/𝟒𝟎𝟎 𝟏𝟎𝟎𝟎/𝟏 
Table 6: The details of 𝐸𝑢 ion implanted in 𝑆𝑖 samples used in this experiment, all the samples are pre-implanted 
with 𝐵 ion at 30 𝑘𝑒𝑉 and pre-annealed at 950 °𝐶 for 30 𝑠𝑒𝑐. 
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Experiment results 
 
Figure 67: Graph of luminescence intensity (𝑎. 𝑢. ) vs. wavelength (𝑛𝑚) on samples with post-annealing 
temperature of 700 °𝐶 at different post-implantation temperature from room temperature up to 400 °𝐶. The 
sample which is post-implanted at 200 °𝐶 (blue line) gave the best luminescence. 
 
Figure 68: Graph of luminescence intensity (𝑎. 𝑢. ) vs. wavelength (𝑛𝑚) on samples with post-annealing 
temperature of 800 °𝐶 at different post-implantation temperature from room temperature up to 400 °𝐶. The 
sample which is post-implanted at room temperature (black line) gave the best luminescence. 
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Figure 69: Graph of luminescence intensity (𝑎. 𝑢. ) vs. wavelength (𝑛𝑚) on samples with post-annealing 
temperature of 900 °𝐶 at different post-implantation temperature from room temperature up to 400 °𝐶. 
 
Figure 70: Graph of luminescence intensity (𝑎. 𝑢. ) vs. wavelength (𝑛𝑚) on samples with post-annealing 
temperature of 1000 °𝐶 at different post-implantation temperature from room temperature up to 400 °𝐶.  
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Figure 71: Graphs of 𝑎) luminescence intensity (𝑎. 𝑢. ) vs. implantation temperature (°𝐶) and 𝑏) integrated 
luminescence intensity (𝑎. 𝑢. ) vs. implantation temperature (°𝐶) on samples with post-annealing temperature of 
700 °𝐶 and 800 °𝐶 at different post-implantation temperature from room temperature up to 400 °𝐶.  
 
 
Figure 67 shows the 𝑃𝐿 spectrum collected at 80 𝐾 of temperature from samples 𝐸𝑢7 
which are post-annealed at temperature of 700 °𝐶 and post-implanted at different temperatures 
ranging from room temperature to 400 °𝐶. Bright 𝐸𝑢-related 𝑃𝐿 spectra with 2 main sharp 
luminescence peaks at 1403 𝑛𝑚 and 1444 𝑛𝑚 and 6 smaller luminescence peaks appeared 
at 1322 𝑛𝑚, 1420 𝑛𝑚, 1470 𝑛𝑚, 1506 𝑛𝑚 and 1560 𝑛𝑚 can be observed from the sample 
which is post-implanted at 200 °𝐶. An additional small luminescence peak appeared at 
1678 𝑛𝑚 from the sample which is post-implanted at 300 °𝐶 and 400 °𝐶.  
 
Figure 68 shows the 𝑃𝐿 spectrum collected at 80 𝐾 of temperature from samples 𝐸𝑢8 
which are post-annealed at temperature of 800 °𝐶 and post-implanted at different temperatures 
ranging from room temperature to 400 °𝐶. Bright 𝐸𝑢-related 𝑃𝐿 spectra with 2 main sharp 
luminescence peaks at 1403 𝑛𝑚 and 1444 𝑛𝑚 and 5 smaller luminescence peaks appeared 
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at 1322 𝑛𝑚, 1423 𝑛𝑚, 1471 𝑛𝑚, 1508 𝑛𝑚 and 1562 𝑛𝑚 can be observed from the sample 
which is post-implanted at room temperature. There is an additional 𝑃𝐿 feature around 
1500 𝑛𝑚 to 1700 𝑛𝑚 centred at 1550 𝑛𝑚 coming from sample which is post implanted 
at 100 °𝐶.  
 
Figure 69 shows the 𝑃𝐿 spectrum collected at 80 𝐾 of temperature from samples 𝐸𝑢9 
which are post-annealed at temperature of 900 °𝐶 and post-implanted at different temperatures 
ranging from room temperature to 400 °𝐶. The overall luminescence intensity dropped 
drastically compared to the set of samples which is post-annealed at 700 °𝐶 and 800 °𝐶. The 
emission is very weak with 𝑆𝑖 band edge emission around 1127 𝑛𝑚 observed and broad 
luminescence between 1800 𝑛𝑚 and above 2200 𝑛𝑚 centred around 2090 𝑛𝑚 appeared from 
sample which is post-implanted at 200 °𝐶, 300 °𝐶 and 400 °𝐶 of temperature. There are no 
𝐸𝑢-related emissions can be observed from PL collected except one small intensity peak at 
around 1445 𝑛𝑚 which is coming from sample post implanted at room temperature.  
 
Figure 70 shows the 𝑃𝐿 spectrum collected at 80 𝐾 of temperature from samples 𝐸𝑢10 
which are post-annealed at temperature of 1000 °𝐶 and post-implanted at different 
temperatures ranging from room temperature to 400 °𝐶. The luminescence from these samples 
drop even further and almost completely quench as the post-annealed temperature increases 
to 1000 °𝐶 with only a weak 𝑆𝑖-band edge emission around 1127 𝑛𝑚 and no 𝐸𝑢-related 
emission can be observed.  
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Figure 71 shows the main 𝐸𝑢-related peaks luminescence intensity and integrated 
luminescence intensity from both set of samples post-annealed at 700 °𝐶 and 800 °𝐶 against 
post-implantation temperature ranging from room temperature up to 400 °𝐶 as only at these 
post-annealing temperatures, the 𝐸𝑢-related luminescence can be observed. The sample which 
is post-annealed at 800 °𝐶 give strong emission at 1403 𝑛𝑚 when post-implanted at room 
temperature but the intensity drops drastically as the post-implantation temperature increases 
to 100 °𝐶 and continues to drop at slower rate when increased to 200 °𝐶. At 300 °𝐶 the 
intensity increases slightly but dropped again at 400 °𝐶 of post-implant temperature.  
 
The sample which is post-annealed at 700 °𝐶 gives lower peak intensity when post-
implanted at room temperature and drops as the post-implantation increases to 100 °𝐶 but 
drastically increases in intensity for both peaks especially at 1403 𝑛𝑚 when the post-
implantation temperature increases to 200 °𝐶 where it reaches its highest intensity but then 
dropped rapidly as the post-implantation temperature increases to 300 °𝐶 and 400 °𝐶. The 
brightest sample which is post-implanted at 200 °𝐶 and post-annealed at 700 °𝐶 able to give 
bright luminescence peak intensity at 1403 𝑛𝑚 is slightly brighter than the same peak emitted 
from the sample which is post-implanted at room temperature and post-annealed at 800 °𝐶.  
Summary 
In summary, the results collected show that the 𝐸𝑢-related emissions are highly 
dependent on the post-annealing and post-implantation temperature. Bright 𝐸𝑢-related 
luminescence between 1300 𝑛𝑚 and 1800 𝑛𝑚 can be observed from samples which are post-
annealed at 700 °𝐶 and 800 °𝐶 of temperature, no 𝐸𝑢-related luminescence can be observed 
from the samples which are post-annealed at 900 °𝐶 and 1000 °𝐶.   
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4.2.5 Temperature Dependent 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝐸𝑢 implanted into 𝑆𝑖 at 
different sample temperatures. There are 2 different sets of measurements made in this 
experiment, where the 1𝑠𝑡 set of measurements are done from 20 𝐾 up to 80 𝐾 using 150𝑚𝑊 
of 532 𝑛𝑚 laser while the 2𝑛𝑑 set of measurements are done from 80 𝐾 up to 300 𝐾 using 
100𝑚𝑊 of 532 𝑛𝑚 laser. The measurements are taken from 1000 𝑛𝑚 up to 1700 𝑛𝑚 of 
wavelength.  
Sample Details  
 There are 2 samples used in this, the 1𝑠𝑡  sample is pre-implanted with 1.6𝑥1015 𝑐𝑚−2 
of 𝐵 at 30 𝑘𝑒𝑉 and pre-annealed at 950°𝐶 for 20 𝑚𝑖𝑛, post-implanted at 1𝑥1014  of 𝐸𝑢 
at 400 𝐾𝑒𝑉 and post-annealed at 800 °𝐶 for 1 𝑚𝑖𝑛. the 2𝑛𝑑 sample is pre-implanted with 
1𝑥1015𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and pre-annealed at 950°𝐶 for 20 𝑚𝑖𝑛, post-implanted 
at 1𝑥1014  of 𝐸𝑢 at 400 𝐾𝑒𝑉 and post-annealed at 850 °𝐶 for 1 𝑚𝑖𝑛. Both 𝐵 and 𝐸𝑢 are 
implanted at room temperature. Table 7 shows the summary of the samples used in this 
experiment. The 𝐸𝑢4_𝐴 sample is used for the 20 𝐾 to 80 𝐾 experiment and the 𝐸𝑢3_𝐴 sample 
is used for the 80 𝐾 to 300 𝐾 experiment. 
𝑬𝒖𝟒_ (𝟐𝟎 𝑲 − 𝟖𝟎 𝑲) 
   
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑬𝒖 implant (𝒄𝒎−𝟐) 𝑬𝒖 anneal (°𝑪/𝒎𝒊𝒏) 
𝑨 𝟏. 𝟔𝒙𝟏𝟎𝟏𝟓 950/20 𝑚𝑖𝑛 1𝑥1014 850/1 
 
𝑬𝒖𝟑_ (𝟖𝟎 𝑲 − 𝟑𝟎𝟎 𝑲) 
   
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑬𝒖 implant (𝒄𝒎−𝟐) 𝑬𝒖 anneal (°𝑪/𝒎𝒊𝒏) 
𝑨 𝟏𝒙𝟏𝟎𝟏𝟓 950/20 𝑚𝑖𝑛 1𝑥1014 850/1 
Table 7: The details of 𝐸𝑢 ion implanted in 𝑆𝑖 sample used in this experiment. Both samples are pre-implanted at 
30 𝑘𝑒𝑉 and post implanted at room temperature at 400 𝑘𝑒𝑉. The 𝐸𝑢4_𝐴 sample is used for the 20 𝐾 to 80 𝐾 
experiment and the 𝐸𝑢3_𝐴 sample is used for the 80 𝐾 to 300 𝐾 experiment. 
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Experiment results 
 
Figure 72: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝐸𝑢4_𝐴 which is excited using 
150 𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 20 𝐾 up to 80 𝐾. The sample 𝐸𝑢4_𝐴 is 
implanted with  1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion, pre-annealed at 950 °𝐶 for 20 𝑚𝑖𝑛 and post-annealed at 850 °𝐶 for 
1 𝑚𝑖𝑛. Emission peaks around 1380 𝑛𝑚, 1400 𝑛𝑚 and 1442 𝑛𝑚 (𝐸𝑢) are observed. Highlighted in yellow is 
showing the temperature which gave the highest intensity in this experiment. This results have been normalized 
with data in figure 73 using 80 𝐾 spectrum as reference. Note: the spectrum for 20 𝐾 is missing. 
 
Figure 73: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝐸𝑢3_𝐴 which is excited using 
100 𝑚𝑤 of 532 𝑛𝑚 laser at different sample temperatures ranging from 80 𝐾 up to 300 𝐾. The sample is 
1000 1200 1400 1600
0
25
50
75
100
125
150
175
200
225
250
In
te
ns
ity
 (a
.u
.)
Wavelength (nm)
 30 K
 40 K
 50 K
 60 K
 70 K
 80 K
1000 1100 1200 1300 1400 1500 1600 1700
0
10
20
30
40
50
60
70
80
In
te
ns
ity
 (a
.u
.)
Wavelength (nm)
 80 K
 100 K
 120 K
 140 K
 160 K
 180 K
 200 K
 220 K
 240 K
 260 K
 280 K
 300 K
𝟏
𝟒
𝟒
𝟐
 𝒏
𝒎
 
1
3
8
1
 𝑛
𝑚
 
𝟏
𝟒
𝟎
𝟐
 𝒏
𝒎
 
𝟏
𝟒
𝟒
𝟒
 𝒏
𝒎
 
1
3
8
0
 𝑛
𝑚
 𝟏
𝟒
𝟎
𝟎
 𝒏
𝒎
 
 
1
1
2
7
 𝑛
𝑚
 
1
1
2
7
 𝑛
𝑚
 
  
128 CHAPTER 4 – EUROPIUM DOPED IN SILICON 
implanted with  1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion, pre-annealed at 950 °𝐶 for 20 𝑚𝑖𝑛 and post-annealed at 850 °𝐶 
for 1 𝑚𝑖𝑛. Emission peaks around 1389 𝑛𝑚, 1401 𝑛𝑚, 1420 𝑛𝑚 and 1442 𝑛𝑚 (𝐸𝑢) are observed. Highlighted 
in yellow is showing the temperature which gave the highest intensity. 
    
Figure 74: Graph of 𝐸𝑢-related luminescence peak intensity (𝑎. 𝑢.) at 1380 𝑛𝑚, 1400 𝑛𝑚 and 1442 𝑛𝑚 vs 
sample temperature (𝐾). The sample is excited using 150 𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures 
ranging from 20 𝐾 to 300 𝐾. Luminescence intensity at 1402 𝑛𝑚 (blue line) gives highest intensity at lower 
sample temperature. The lines are connected between data points. 
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Figure 75: Graph of integrated intensity (𝑎. 𝑢.) vs. sample temperature (𝐾). The black line is the integrated 
intensity for 𝑆𝑖 region while the red line is for the 𝐸𝑢 region and the blue line is the total integrated intensity from 
1000 𝑛𝑚 until 1700 𝑛𝑚. Most of the luminescence is coming from 𝐸𝑢 ions. The lines are connected between 
data points.  
  
Figure 76: Graph of luminescence peaks position (𝑛𝑚) vs. sample temperature (𝐾). The figure shows the 3 main 
𝐸𝑢 peaks around 1380 𝑛𝑚, 1400 𝑛𝑚 and 1442 𝑛𝑚 shifted to longer wavelength at higher temperatures. 
 
Figure 72 shows the 𝑃𝐿 spectra from 𝐸𝑢4_𝐴 sample on different temperatures ranging 
from 20 𝐾 up to 80 𝐾, the sample was cooled down to 20 𝐾 by allowing continuous flow of 
liquid Helium into the cryostat. Figure 73 shows the 𝑃𝐿 spectra from 𝐸𝑢3_𝐴 sample on 
different temperatures ranging from 80 𝐾 up to 300 𝐾, the sample was cooled down to 80 𝐾 
by allowing continuous flow of liquid Nitrogen into the cryostat. 𝑃𝐿 spectrum between 20 𝐾 to 
80 𝐾 of temperature shows 3 narrow and sharp 𝐸𝑢-related luminescence peaks at 1390, 1400 
and 1442 𝑛𝑚. On the other hand, 𝑃𝐿 spectra between 80 𝐾 to 300 𝐾 show the 3 main 𝐸𝑢-
related luminescence peaks slowly quenched and losing their peaks as the temperature 
increases. 
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Figure 74 shows the luminescence intensity for the main 𝐸𝑢-related peaks from the 
sample against the sample temperature ranging from 20 𝐾 to 300 𝐾. The luminescence 
intensity peaks were very bright below temperature 80 𝐾 especially at 1442 𝑛𝑚. The 
luminescence quenches as the temperature increases. The rate of quenching is high between 
20 𝐾 to 80 𝐾 but quenches at slower rate from 80𝐾 to 300 𝐾. The luminescent almost 
completely quenches around 160 𝐾 and higher. The intensity at peak 1442 𝑛𝑚 quenches most 
rapidly with increasing temperature. The luminescence peaks at 1400 𝑛𝑚 and 1442 𝑛𝑚 start 
to lose their peaks and become part of the broad luminescence above 180 𝐾 of temperature. 
 
Figure 75 shows the integrated luminescence intensity from sample against temperature 
and it shows that the total integrated intensity decreases rapidly as temperature increases and 
almost completely quenches as temperature increases above 180 𝐾. Figure 76 shows the peak 
position for the main peaks from sample against temperature ranging from 20 𝐾 up to 300 𝐾. 
The peaks position remains constant from 20 𝐾 up to 60 𝐾 and starts to red shift slowly as 
temperature increases above 70 𝐾. The peaks position red shifts more as the temperature 
increases towards room temperature.  
Summary 
In summary, overall luminescence intensity quenches as temperature rises. The features 
of the main 𝐸𝑢-related luminescence peaks are very bright and can be clearly observed at very 
low temperature but most of the peaks quenches and loses their peaks into a broader spectrum 
at higher temperatures.  
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4.2.6 Co-Doping with 𝑶 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝑆𝑖 samples implanted with 
different combinations of 𝐵, 𝐸𝑢 and 𝑂 ion dopant to see if there is any contribution towards 
improving the luminescence intensity from 𝐸𝑢 ions and quenching effect at higher 
temperature. The sample is excited using 200 𝑚𝑊 of 532 𝑛𝑚 laser. The measurements are 
taken from 1000 𝑛𝑚 up to 1800 𝑛𝑚 of wavelength.  
Sample Details  
The 𝑆𝑖 samples are implanted with 6 different combinations of 𝐵, 𝐸𝑢 and 𝑂 ion dopant 
and they are 𝑆𝑖: 𝐵: 𝐸𝑢 (𝑆_𝐵𝐸𝑢), 𝑆𝑖: 𝐵: 𝐸𝑢: 𝑂 (𝑆_𝐵𝐸𝑢𝑂), 𝑆𝑖: 𝐸𝑢 (𝑆_𝐸𝑢), 𝑆𝑖: 𝐸𝑢: 𝑂 (𝑆_𝐸𝑢𝑂), 
𝑆𝑖: 𝐵: 𝑂 (𝑆_𝐵𝑂) and 𝑆𝑖: 𝑂 (𝑆_𝑂). Samples implanted with 𝐵 ion,  𝑆_𝐵𝐸𝑢, 𝑆_𝐵𝐸𝑢𝑂 and 𝑆_𝐵𝑂 
are pre-implanted with 1𝑥1015𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 but only samples 𝑆_𝐵𝐸𝑢, 𝑆_𝐵𝐸𝑢𝑂 pre-
annealed at 950°𝐶 for 20 𝑚𝑖𝑛. Samples implanted with 𝐸𝑢 ion, 𝑆_𝐵𝐸𝑢, 𝑆_𝐵𝐸𝑢𝑂, 𝑆_𝐸𝑢 and 
𝑆_𝐸𝑢𝑂 are post-implanted with 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 at 400 𝐾𝑒𝑉 and post-annealed at 850 °𝐶 
for 1 𝑚𝑖𝑛. Sample implanted with 𝑂 ion, 𝑆_𝐵𝐸𝑢𝑂, 𝑆_𝐸𝑢𝑂, 𝑆_𝐵𝑂 and 𝑆_𝑂 are implanted 
with 1.2𝑥1014 𝑐𝑚−2 of 𝑂 at 60 𝐾𝑒𝑉. Table 8 shows the summary of the samples used in this 
experiment. 
𝑺_ 
 
 
 
 
 
Sample's 
name 
B implant 
(𝒄𝒎−𝟐) 
𝑩 anneal (°𝑪/
𝒎𝒊𝒏) 
𝑬𝒖 implant 
(𝒄𝒎−𝟐) 
𝑶 implant 
(𝒄𝒎−𝟐) 
𝑬𝒖 anneal (°𝑪/
𝒎𝒊𝒏) 
𝑩𝑬𝒖 1𝑥1015 950/20 1𝑥1014 − 850/1 
𝑩𝑬𝒖𝑶 1𝑥1015 950/20 1𝑥1014 1.2𝑥1014 850/1 
𝑬𝒖 − − 1𝑥1014 − 850/1 
𝑬𝒖𝑶 − − 1𝑥1014 1.2𝑥1014 850/1 
𝑩𝑶 1𝑥1015 950/20 − 1.2𝑥1014 − 
𝑶 − − − 1.2𝑥1014 850/1 
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Table 8: The sample details of 𝐸𝑢 ions implanted in n-type 𝑆𝑖 [1 0 0] substrate used in this experiment. The sample 
fabrication is in order from left to right. All 𝐵, 𝐸𝑢 and 𝑂 implantation are done at 30 𝑘𝑒𝑉, 400 𝑘𝑒𝑉 and 60 𝑘𝑒𝑉. 
Experiment results 
 
Figure 77: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for 𝐵𝐸𝑢, 𝐵𝐸𝑢𝑂, 𝐸𝑢, 𝐸𝑢𝑂, 𝑂 and 𝐵𝑂 
samples where each sample is fabricated differently. The samples are excited using 200 𝑚𝑊 of 532 𝑛𝑚 laser at 
80𝐾. Only 𝐵𝐸𝑢 and 𝐵𝐸𝑢𝑂 samples give strong luminescence around the 𝐸𝑢 regions (1300 𝑛𝑚 –  1800 𝑛𝑚). 
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Figure 78: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝑆_𝐵𝐸𝑢 which is excited using 
200 𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 80𝐾 up to 300 𝐾. The sample is 
implanted with  1014 𝑐𝑚−2 of 𝐸𝑢 ion without any co-doping with 𝑂. Emission peaks around 1403 𝑛𝑚, and 
1445 𝑛𝑚 (𝐸𝑢) are observed.  
 
Figure 79: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝑆_𝐵𝐸𝑢𝑂 which is excited 
using 200 𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 80𝐾 up to 300 𝐾. The sample is 
implanted with  1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion co-doped with 𝑂. Emission peaks around 1403 𝑛𝑚 and 1445 𝑛𝑚 (𝐸𝑢) 
are observed. Highlighted in yellow is showing the temperature which gave the highest luminescence intensity. 
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Figure 80: Graph of 𝑎) peak intensity (𝑎. 𝑢.) and 𝑏) integrated intensity (𝑎. 𝑢.) vs sample temperature (𝐾) on 
sample  𝑆_𝐵𝐸𝑢  and 𝑆_𝐵𝐸𝑢𝑂 which is excited using 200𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures 
ranging from 80 𝐾 to 300 𝐾. Figure 𝑎) is focused on the emission peaks around 1403 𝑛𝑚 and 1445 𝑛𝑚 (𝐸𝑢). 
Figure 𝑏) shows the integration of the whole spectra from 1000 𝑛𝑚 to 1800 𝑛𝑚 at each temperature. 
Luminescence intensity at around 1445 𝑛𝑚 gives highest intensity at lower sample temperature for booth 
samples. The lines are connected between data points. 
 
Figure 81: Graph of luminescence peaks position (𝑛𝑚) vs. sample temperature (𝐾) on sample  𝑆_𝐵𝐸𝑢  and 
 𝑆_𝐵𝐸𝑢𝑂 which is excited using 200𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 80 𝐾 
to 300 𝐾. The figure is focused on the emission peaks around 1404 𝑛𝑚 and 1444 𝑛𝑚 (𝐸𝑢). All luminescence 
peaks shifted to longer wavelength with increasing temperature. 
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Figure 77 shows the 𝑃𝐿 spectrum collected from sample 𝑆_𝐵𝐸𝑢, 𝑆_𝐵𝐸𝑢𝑂, 𝑆_𝐸𝑢, 𝑆_𝐸𝑢𝑂, 
𝑆_𝑂 and 𝑆_𝐵𝑂 samples within 1000 𝑛𝑚 to 1800 𝑛𝑚 wavelength measured at 80𝐾 of 
temperature. The spectra collected show that bright 𝐸𝑢-related luminescence is emitted from 
sample 𝑆_𝐵𝐸𝑢 which is implanted with 𝐵 and 𝐸𝑢 and from sample 𝑆_𝐵𝐸𝑢𝑂 which is implanted 
with 𝐵, 𝐸𝑢 and 𝑂 while a very weak luminescence at 1126 𝑛𝑚 is emitted from sample 𝑆_𝐸𝑢, 
𝑆_𝐸𝑢𝑂, and 𝑆_𝐵𝑂 and a slightly bright luminescence at 1126 𝑛𝑚 is emitted from sample 𝑆_𝑂 
which is implanted with only 𝑂.  
 
Figure 78 and figure 79 show the 𝑃𝐿 spectra collected from the 2 samples which emit bright 
𝐸𝑢-related luminescence 𝑆_𝐵𝐸𝑢 and 𝑆_𝐵𝐸𝑢𝑂 at different temperatures ranging from 80 𝐾 up 
to 300 𝐾. At 80 𝐾 there are 2 main 𝐸𝑢-related peaks at 1403 𝑛𝑚 and 1445 𝑛𝑚 plus 4 smaller 
𝐸𝑢-related peaks at 1322 𝑛𝑚, 1382 𝑛𝑚, 1423 𝑛𝑚 and 1484 𝑛𝑚 can be observed from both 
samples. At 120 𝐾 and above, all the 4 smaller peaks quench and become part of the broader 
spectrum ranging from 1300 𝑛𝑚 to 1700 𝑛𝑚. The 𝑃𝐿 spectrum is almost fully quenched 
above 240 𝐾 of temperature. 
 
Figure 80 shows the luminescence intensity of the main 𝐸𝑢-related peaks, 1404 𝑛𝑚 
and 1444 𝑛𝑚 and the integrated intensity from both 𝑆_𝐵𝐸𝑢 and 𝑆_𝐵𝐸𝑢𝑂 sample against 
temperature. Both peaks are very bright at 80𝐾 temperature especially the peak at 1444 𝑛𝑚 
with luminescence intensity from sample 𝑆_𝐵𝐸𝑢𝑂 slightly higher than luminescence intensity 
from sample 𝑆_𝐵𝐸𝑢. The luminescence peaks intensity quenches linearly as the temperature 
increases with peak intensity at 1444 𝑛𝑚 quenches at higher rate than peak intensity 
at 1404 𝑛𝑚. Both of the main luminescence peaks loses their peaks and become part of the 
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broad luminescence above 180 𝐾 of temperature. The rate of luminescence quenching as 
temperature rises is approximately the same between both sample with and without co-
implantation of 𝑂 ion. 
 
Figure 81 shows the peak position for the 2 main 𝐸𝑢-related luminescence peaks, 1404 𝑛𝑚 
and 1444 𝑛𝑚 from both 𝑆_𝐵𝐸𝑢 and 𝑆_𝐵𝐸𝑢𝑂 sample against temperature. Both of the peaks 
red-shifted linearly as the temperature increases with the peak position only shifting slightly 
between temperatures.  
 
Summary 
In summary, the 𝐸𝑢-related luminescence between 1300 𝑛𝑚 to 1700 𝑛𝑚 can be observed 
from 𝐸𝑢 implanted sample with dislocation loops introduced with or without the co-
implantation of 𝑂 ion. The 𝐸𝑢-related luminescence intensity peaks from sample 𝑆_𝐵𝐸𝑢𝑂 
which is co-doped with 𝑂 are slightly brighter compare to sample 𝑆_𝐵𝐸𝑢 which is not co-doped 
with 𝑂 but both of the sample luminescence quenches at higher temperature at the same rate. 
Therefore, no significant improvement is observed when co-doping with 𝑂.  
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4.2.7 Post-annealing Temperature Dependent on Bulk and 𝑺𝑶𝑰 devices 
The aim of this experiment is to study the 𝑃𝐿 spectrum from how 𝐸𝑢’𝑠 samples 
fabricated on two different platforms, 𝑆𝑂𝐼 and bulk 𝑆𝑖 which are post annealed at different 
temperatures ranging from 700 °𝐶 up to 900 °𝐶. The temperature of the samples is maintained 
at 80 𝐾 and are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser. The measurements are taken from 
1000 𝑛𝑚 up to 1800 𝑛𝑚 of wavelength.  
Sample Details  
Two sets of samples are used for this experiment, the 1𝑠𝑡 set of samples is fabricated 
on 𝑆𝑂𝐼 and the 2𝑛𝑑 set is fabricated on bulk 𝑆𝑖. Both sets of samples are pre-implanted with 
1.6𝑥1015𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and pre-annealed at 950°𝐶 for 20 𝑚𝑖𝑛 and post-implanted 
at 1𝑥1014  of 𝐸𝑢 at 400 𝐾𝑒𝑉. Each sample in each set of samples is post-annealed at different 
temperatures, the samples are post-annealed at 700 °𝐶, 725 °𝐶, 750 °𝐶, 775 °𝐶, 800 °𝐶  , 
825 °𝐶, 850 °𝐶, 875 °𝐶 and 900 °𝐶 for 1 𝑚𝑖𝑛. Both 𝐵 and 𝐸𝑢 are implanted at room 
temperature. Table 9 shows the summary of the samples used in this experiment. 
𝑺_ - SOI samples 
   
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑬𝒖 implant (𝒄𝒎−𝟐) 𝑬𝒖 anneal (°𝑪/𝒎𝒊𝒏) 
𝟕𝟎𝟎 1𝑥1015 950/20 1𝑥1014 𝟕𝟎𝟎/𝟏 
𝟕𝟐𝟓 1𝑥1015 950/20 1𝑥1014 𝟕𝟐𝟓/𝟏 
𝟕𝟓𝟎 1𝑥1015 950/20 1𝑥1014 𝟕𝟓𝟎/𝟏 
𝟕𝟕𝟓 1𝑥1015 950/20 1𝑥1014 𝟕𝟕𝟓/𝟏 
𝟖𝟎𝟎 1𝑥1015 950/20 1𝑥1014 𝟖𝟎𝟎/𝟏 
𝟖𝟐𝟓 1𝑥1015 950/20 1𝑥1014 𝟖𝟐𝟓/𝟏 
𝟖𝟓𝟎 1𝑥1015 950/20 1𝑥1014 𝟖𝟓𝟎/𝟏 
𝟖𝟕𝟓 1𝑥1015 950/20 1𝑥1014 𝟖𝟕𝟓/𝟏 
𝟗𝟎𝟎 1𝑥1015 950/20 1𝑥1014 𝟗𝟎𝟎/𝟏 
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𝑩_ - Bulk samples 
   
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑬𝒖 implant (𝒄𝒎−𝟐) 𝑬𝒖 anneal (°𝑪/𝒎𝒊𝒏) 
𝟕𝟎𝟎 1𝑥1015 950/20 1𝑥1014 𝟕𝟎𝟎/𝟏 
𝟕𝟐𝟓 1𝑥1015 950/20 1𝑥1014 𝟕𝟐𝟓/𝟏 
𝟕𝟓𝟎 1𝑥1015 950/20 1𝑥1014 𝟕𝟓𝟎/𝟏 
𝟕𝟕𝟓 1𝑥1015 950/20 1𝑥1014 𝟕𝟕𝟓/𝟏 
𝟖𝟎𝟎 1𝑥1015 950/20 1𝑥1014 𝟖𝟎𝟎/𝟏 
𝟖𝟐𝟓 1𝑥1015 950/20 1𝑥1014 𝟖𝟐𝟓/𝟏 
𝟖𝟓𝟎 1𝑥1015 950/20 1𝑥1014 𝟖𝟓𝟎/𝟏 
𝟖𝟕𝟓 1𝑥1015 950/20 1𝑥1014 𝟖𝟕𝟓/𝟏 
𝟗𝟎𝟎 1𝑥1015 950/20 1𝑥1014 𝟗𝟎𝟎/𝟏 
Table 9: List of 𝐸𝑢 ion implanted on 𝑆𝑂𝐼 and Bulk 𝑆𝑖 samples with different post-annealing temperature ranging 
from 700 °𝐶 up to 900 °𝐶 with increment 25 °𝐶 between each samples. All the samples are pre-implanted at 
30𝑘𝑒𝑉 and post-implanted at 400𝑘𝑒𝑉. 
Experiment results 
 
Figure 82: Graph of luminescence intensity (𝑎. 𝑢. ) vs. wavelength (𝑛𝑚) on 𝑆𝑂𝐼 samples post-annealed with 
different temperatures ranging from 700 °𝐶 up to 900 °𝐶 with 25 °𝐶 increment between samples. The samples 
are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 80 𝐾 of sample temperature. Emission peak for 𝐸𝑢 is observed 
around 1403 𝑛𝑚 and 1443 𝑛𝑚. The sample which is post-annealed at 775 °𝐶 (light green line) give the best 
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luminescence around 8.02 𝑎. 𝑢 at 1403 𝑛𝑚. There is an artifact around 1530 𝑛𝑚 due to the detector become 
saturated at that particular wavelength during the experiment being conducted. 
 
 
Figure 83: Graph of luminescence intensity (𝑎. 𝑢. ) vs. wavelength (𝑛𝑚) on 𝐵𝑢𝑙𝑘 samples post-annealed with 
different temperatures ranging from 700 °𝐶 up to 900 °𝐶 with 25 °𝐶 increment between samples. The samples 
are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 80 𝐾 of sample temperature. Emission peak for 𝐸𝑢 is observed 
around 1404.6 𝑛𝑚, 1445.2 𝑛𝑚. The sample which is post-annealed at 775 °𝐶 (light green line) give the best 
luminescence around 478.01 𝑎. 𝑢 at 1404.6 𝑛𝑚. There is an artifact around 1530 𝑛𝑚 due to the detector become 
saturated at that particular wavelength during the experiment being conducted. 
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Figure 84: Comparison graph of luminescence intensity (𝑎. 𝑢. ) vs. wavelength (𝑛𝑚) on 𝑆𝑂𝐼 samples (left side) 
and 𝐵𝑢𝑙𝑘 samples (right side) post-annealed with different temperatures ranging from 700 °𝐶 up to 900 °𝐶 with 
25 °𝐶 increment between samples shown separately. The samples are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 
80 𝐾 of sample temperature. The graphs circled in red shows the best luminescence for each platform.  
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Figure 85: Graphs of peaks intensity vs post-annealing temperature on 𝑆𝑂𝐼 and 𝐵𝑢𝑙𝑘 samples. The sample with 
775 °𝐶 post-annealed temperature gave the best luminescence around 8.02 𝑎. 𝑢 for 𝑆𝑂𝐼 set of samples and 
around 478.01 𝑎. 𝑢 for bulk set of samples. The samples are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 80 °𝐾 of 
sample temperature. The lines are connected between data points.  
 
Figure 82 and figure 83 show the 𝑃𝐿 spectra at 80 𝐾 collected from 𝑆𝑂𝐼 and bulk 
samples which are post-annealed at different temperatures ranging from 700 °𝐶 to 900 °𝐶. 
Figure 84 shows the individual spectrum from each sample at each post-annealed temperature. 
On the left side of figure 84 is the luminescence spectra from the 𝑆𝑂𝐼 sample while on the right 
side is the luminescence spectra from the bulk sample. The brightest sample is circled in red at 
775 °𝐶 of annealing temperature for both 𝑆𝑂𝐼 and bulk sample. The 𝑃𝐿 spectra collected from 
𝑆𝑂𝐼 samples are far lower in intensity and higher in noise compared to the 𝑃𝐿 spectra collected 
from the bulks sample. There are 2 main sharp 𝐸𝑢-related luminescence peaks at 1403 𝑛𝑚 
and 1443 𝑛𝑚  which can be identified from both 𝑆𝑂𝐼 and bulk samples. There is 1 smaller 𝐸𝑢-
related peak that can be observed at 1422 𝑛𝑚 from the 𝑆𝑂𝐼 sample while there are 5 smaller 
𝐸𝑢-related peaks that can be observed at 1323 𝑛𝑚, 1365 𝑛𝑚, 1380 𝑛𝑚, 1422 𝑛𝑚 and 
1485 𝑛𝑚 from the bulk sample where some of these peaks can only be observed at different 
post-annealing temperature. The small gap around 1530 𝑛𝑚 is signal artifacts which occurs 
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due to the detector was saturated caused by high intensity of this particular wavelength coming 
from the fluorescent light in the lab.   
 
Figure 85 shows the intensity for the main 𝐸𝑢-related luminescence peaks around 
1400 𝑛𝑚 and 1444 𝑛𝑚 from the 𝑆𝑂𝐼 sample (left) and from the bulk sample (right) against 
different post-annealing temperature ranges from 700 °𝐶 to 900 °𝐶. The peak intensity at 
1403 𝑛𝑚 from the 𝑆𝑂𝐼 samples increases slightly as the post-annealing temperature increases 
from 700 °𝐶 to 750 °𝐶, then increases to its highest intensity at 775 °𝐶 and the intensity starts 
to quench significantly as post annealing temperature increases to 900 °𝐶. The peak intensity 
at 1403 𝑛𝑚 from the bulk samples quench as the post-annealing temperature increases from 
700 °𝐶 to 750 °𝐶, but drastically increases to its highest intensity at 775 °𝐶 which then the 
intensity starts to quench drastically as post annealing temperature increases 
to 800 °𝐶 and 825 °𝐶 and maintain its intensity for post-annealing temperature at 850 °𝐶 and 
above. The peak intensity at 1404 𝑛𝑚 from the bulk sample post-annealed at 775 °𝐶 
temperature is approximately 60 times higher than the peak intensity at 1403 𝑛𝑚 from the 𝑆𝑂𝐼 
sample post annealed at the same temperature.  
Summary 
 In summary, the samples which are fabricated on the 𝑆𝑂𝐼 substrate give lower 𝐸𝑢-
related emission compared to emission given by the samples fabricated in the bulk 𝑆𝑖. Both 
𝑆𝑂𝐼 and bulk sample give their highest luminescence intensity around 1403 𝑛𝑚 when post-
annealed at 775 °𝐶 of temperature with around 60 times higher in peak intensity emitted from 
bulk sample compared to the 𝑆𝑂𝐼 sample. 
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4.3 ELECTROLUMINESCENCE 
4.3.1 Temperature Dependent  
The aims of this experiment are to demonstrate the capabilities of the previously studied 
sample on 𝑃𝐿 setup to give luminescence by means of electrical current injection using 𝐸𝐿 
setup and to study the 𝐸𝐿 spectra from the samples at different temperatures ranging from 
80 𝐾 up to 300 𝐾. The samples used in this experiment are the brightest and the least bright 
samples fabricated and studied using 𝑃𝐿 setup. The samples are injected with 25 𝑚𝐴 of 
electrical current under forward bias at current density of 2𝐴/𝑐𝑚2. The measurements are 
taken from 1000 𝑛𝑚 up to 1800 𝑛𝑚 of wavelength.  
Sample Details  
The 2 samples used in this experiment are the same samples used in experiment 4.2.3. 
The 1𝑠𝑡  sample is a bright sample 𝐸𝑢3_𝐵 which is pre-annealed at 950°𝐶 for 2 𝑚𝑖𝑛 while the 
2𝑛𝑑  sample is a weak sample 𝐸𝑢3_𝐸 which is pre-annealed at 950°𝐶 for 20 𝑚𝑖𝑛. Both samples 
are pre-implanted with 1𝑥1015𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉, post-implanted at 1𝑥1014 of 𝐸𝑢 doses at 
400 𝐾𝑒𝑉 and post-annealed at 850 °𝐶 for 1 𝑚𝑖𝑛. Both 𝐵 and 𝐸𝑢 are implanted at room 
temperature. Table 10 shows the summary of the samples used in this experiment. 
 
 𝑬𝒖𝟑_ - Bulk samples 
   
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑬𝒖 implant (𝒄𝒎−𝟐) 𝑬𝒖 anneal (°𝑪/𝒎𝒊𝒏) 
𝑩 1𝑥1015 𝟗𝟓𝟎/𝟐 𝒎𝒊𝒏 1𝑥1014 800/1 
𝑬 1𝑥1015 𝟗𝟓𝟎/𝟐𝟎 𝒎𝒊𝒏 1𝑥1014 800/1 
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Table 10: The details of 𝐸𝑢 ion implanted in 𝑆𝑖 samples used in this experiment. 𝐸𝑢3_𝐵 and 𝐸𝑢3_𝐸 is the 
strong and weak sample from experiment 4.2.3. All the samples are pre-implanted at 30 𝑘𝑒𝑉 and post-implanted 
at 400 𝑘𝑒𝑉. 
Experiment results 
 
Figure 86: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝐸𝑢3_𝐵 which is supplied with 
25 𝑚𝐴 of current at different sample temperatures ranging from 80 𝐾 up to 300 𝐾. The sample is pre-implanted 
with 1𝑥1015 𝑐𝑚−2 of 𝐵 ion at 30 𝑘𝑒𝑉, pre-annealed at 950 °𝐶 for 2 𝑚𝑖𝑛, post-implanted with  1𝑥1014 𝑐𝑚−2 of 
𝐸𝑢 ion at 400 𝑘𝑒𝑉 and post-annealed at 800 °𝐶 for 1 𝑚𝑖𝑛. Emission peaks around 1127 𝑛𝑚 (𝑆𝑖), 1403 𝑛𝑚, 
1423 𝑛𝑚 and 1445 𝑛𝑚 (𝐸𝑢) is observed. Measurements are made from 1000 𝑛𝑚 up to 1800 𝑛𝑚. Highlighted 
in yellow shows the temperature which gave the brightest luminescence intensity. 
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Figure 87: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝐸𝑢3_𝐸 which is supplied with 
25 𝑚𝐴 of current at different sample temperatures ranging from 80 𝐾 up to 300 𝐾. The sample is pre-implanted 
with 1𝑥1015 𝑐𝑚−2 of 𝐵 ion at 30 𝑘𝑒𝑉, pre-annealed at 950 °𝐶 for 20 𝑚𝑖𝑛, post-implanted with  1𝑥1014 𝑐𝑚−2 
of 𝐸𝑢 ion at 400 𝑘𝑒𝑉 and post-annealed at 800 °𝐶 for 1 𝑚𝑖𝑛. Emission peaks around 1127 𝑛𝑚 (𝑆𝑖), 1403 𝑛𝑚 
and 1445 𝑛𝑚 (𝐸𝑢) is observed. Measurements are made from 1000 𝑛𝑚 up to 1800 𝑛𝑚. Highlighted in yellow 
shows the temperature which gave the brightest luminescence intensity. 
 
     
Figure 88: Graphs of 𝑎) intensity (𝑎. 𝑢.) vs sample temperature (𝐾) and 𝑏) integrated intensity (𝑎. 𝑢.) vs sample 
temperature (𝐾) from sample  𝐸𝑢3_𝐵. The sample is injected with 25 𝑚𝐴 of current at different sample 
temperatures ranging from 80 𝐾 to 300 𝐾. The lines are connected between data points. 
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Figure 89: Graphs of 𝑎) intensity (𝑎. 𝑢.) vs sample temperature (𝐾) and 𝑏) integrated intensity (𝑎. 𝑢.) vs sample 
temperature (𝐾) from sample  𝐸𝑢3_𝐸. The sample is injected with 25 𝑚𝐴 of current at different sample 
temperatures ranging from 80 𝐾 to 300 𝐾. The lines are connected between data points. 
 
Figure 86 and figure 87 show the 𝐸𝐿 spectra collected from the 𝐸𝑢3_𝐵 and 
𝐸𝑢3_𝐸 samples at different temperatures ranging from 80 𝐾 up to 300 𝐾. Similar 𝐸𝑢-related 
emission spectrum to the 𝑃𝐿 spectra collected in the previous experiments can be observed 
when excited using 𝐸𝐿 setup. There are 2 𝐸𝑢-related main luminescence peaks at 1403 𝑛𝑚 
and 1445 𝑛𝑚 can be observed from both samples at 80 𝐾 of temperature, these are the same 
luminescence peaks observed on the 𝑃𝐿 spectra collected in the 𝑃𝐿 experiments. The 𝐸𝐿 
luminescence intensity is less bright than the 𝑃𝐿 spectra collected but the intensity emitted is 
still very strong even from the less bright sample studied previously. At 80 𝐾 the intensity 
of 1403 𝑛𝑚 peaks from sample 𝐸𝑢3_𝐵 in figure 86 is very high compared to peaks 
at 1445 𝑛𝑚. Above 100 𝐾 of temperature, the 2 peaks at 1445 𝑛𝑚 become part of the broad 
luminescence between 1300 𝑛𝑚 to 1700 𝑛𝑚. The sample 𝐸𝑢3_𝐸 in figure 87 emits 2 sharp 
and bright peaks at 1403 𝑛𝑚 and 1445 𝑛𝑚 at 80 𝐾 with the peak at 1403 𝑛𝑚 slightly higher 
than the 1445 𝑛𝑚 peak. Both of these 𝐸𝑢-related emission peaks become part of the broad 
luminescence above 180 𝐾 of temperature. 
80 100 120 140 160 180 200 220 240 260 280 300
0
10
20
30
40
50
60
70
80
In
te
n
s
it
y
 (
a
.u
.)
Temperature (K)
 1127 nm
 1403 nm
 1444 nm
80 100 120 140 160 180 200 220 240 260 280 300
0
1000
2000
3000
4000
5000
6000
7000
In
te
g
ra
te
d
 I
n
te
n
s
it
y
 (
a
.u
.)
Temperature (K)
 1000-1196 nm
 1196-1700 nm
 1000-1700 nm
Weak Sample 
𝑎) 𝑏) 
  
147 CHAPTER 4 – EUROPIUM DOPED IN SILICON 
Figure 88 and figure 89 show the main peaks intensity and the integrated luminescence 
intensity from sample 𝐸𝑢3_𝐵 and 𝐸𝑢3_𝐸 against temperature ranging from 80 𝐾 up to 300 𝐾. 
The luminescence intensity from both samples quenches as the temperature increases. The 
intensity quenches linearly between 80 𝐾 to 200 𝐾 where the integrated intensity become very 
weak above 200 𝐾. 
 
Summary 
In summary, the experiments demonstrate that the 𝐷𝐸𝐿𝐸𝐷 𝑆𝑖 sample implanted with 
𝐸𝑢 ion is capable in emitting bright 𝐸𝑢-related luminescence intensity between 
1300 𝑛𝑚 to 1700 𝑛𝑚 via electrical current injection even from the weak samples previously 
seen in the 𝑃𝐿 setup. A bright luminescence peak can be observed at 1403 𝑛𝑚 but the intensity 
quenches as the temperature increases and is almost fully quenched at 200 𝐾 of temperature 
and above. 
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4.3.2 Variation with Post-Annealing Temperature and Time. 
The aim of this experiment is to study the 𝐸𝐿 spectra from 𝐸𝑢 implanted into 𝑆𝑖 samples 
with different post-implantation, post-annealing temperature, post-annealing time and order 
of sample fabrication. The samples are post-implanted from 1𝑥1012 to 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 
ions and post-annealed from 700 °𝐶 to 900 °𝐶 of temperature for 1 to  15 𝑚𝑖𝑛. The 
temperature of the sample is maintained at 80 𝐾 and the samples are excited using 25 𝑚𝐴 of 
electrical current injection under forward bias at current density of 2𝐴/𝑐𝑚2. The 
measurements are taken from 1000 𝑛𝑚 up to 1700 𝑛𝑚 of wavelength.  
Sample Details  
There are 4 set of samples used in this experiment, the 𝐸𝑢12, 𝐸𝑢13, 𝐸𝑢14 and 𝐸𝑢𝑅 
sets. The 𝐸𝑢12, 𝐸𝑢13 and 𝐸𝑢14 set correspond to different post-implantation dose at 1𝑥1012, 
1𝑥1013 and 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion at 400 𝐾𝑒𝑉. In each set of sample there are 9 
samples, 𝐸𝑢(𝑥)_701, 705, 715, 801, 805, 815, 901, 905 and 915 which correspond to 
different post-annealing temperature and time at 700 °𝐶, 800 °𝐶 and 900 °𝐶 for 1, 5 
and 15 𝑚𝑖𝑛 respectively. All the samples are pre-implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 implanted 
at 30 𝑘𝑒𝑉 and pre-annealed at 950 °𝐶 for 20 𝑚𝑖𝑛. The 𝐸𝑢𝑅 set of samples are fabricated in 
reverse order where the Eu ions are implanted and annealed first then followed by the 
implantation and annealing of the 𝐵 ions. The implantation dose and annealing condition of 
the 𝐸𝑢𝑅 samples are the same as the dose and condition in sample 𝐸𝑢14. Both 𝐵 and 𝐸𝑢 are 
implanted at room temperature. Table 11 and table 12 show the summary of the samples used 
in this experiment. 
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𝑬𝒖𝟏𝟐_ 
    
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑬𝒖 implant (𝒄𝒎−𝟐) 𝑬𝒖 anneal (°𝑪/𝒎𝒊𝒏) 
𝟕𝟎𝟏 1𝑥1015 950/20 1𝑥1012 𝟕𝟓𝟎/𝟏 
𝟕𝟎𝟓 1𝑥1015 950/20 1𝑥1012 𝟕𝟓𝟎/𝟓 
𝟕𝟏𝟓 1𝑥1015 950/20 1𝑥1012 𝟕𝟓𝟎/𝟏𝟓 
𝟖𝟎𝟏 1𝑥1015 950/20 1𝑥1012 𝟖𝟓𝟎/𝟏 
𝟖𝟎𝟓 1𝑥1015 950/20 1𝑥1012 𝟖𝟓𝟎/𝟓 
𝟖𝟏𝟓 1𝑥1015 950/20 1𝑥1012 𝟖𝟓𝟎/𝟏𝟓 
𝟗𝟎𝟏 1𝑥1015 950/20 1𝑥1012 𝟗𝟓𝟎/𝟏 
𝟗𝟎𝟓 1𝑥1015 950/20 1𝑥1012 𝟗𝟓𝟎/𝟓 
𝟗𝟏𝟓 1𝑥1015 950/20 1𝑥1012 𝟗𝟓𝟎/𝟏𝟓 
 
𝑬𝒖𝟏𝟑_ 
    
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑬𝒖 implant (𝒄𝒎−𝟐) 𝑬𝒖 anneal (°𝑪/𝒎𝒊𝒏) 
𝟕𝟎𝟏 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟑 750/1 
𝟕𝟎𝟓 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟑 750/5 
𝟕𝟏𝟓 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟑 750/15 
𝟖𝟎𝟏 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟑 850/1 
𝟖𝟎𝟓 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟑 850/5 
𝟖𝟏𝟓 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟑 850/15 
𝟗𝟎𝟏 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟑 950/1 
𝟗𝟎𝟓 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟑 950/5 
𝟗𝟏𝟓 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟑 950/15 
  
𝑬𝒖𝟏𝟒_ 
    
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑬𝒖 implant (𝒄𝒎−𝟐) 𝑬𝒖 anneal (°𝑪/𝒎𝒊𝒏) 
𝟕𝟎𝟏 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟒 750/1 
𝟕𝟎𝟓 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟒 750/5 
𝟕𝟏𝟓 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟒 750/15 
𝟖𝟎𝟏 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟒 850/1 
𝟖𝟎𝟓 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟒 850/5 
𝟖𝟏𝟓 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟒 850/15 
𝟗𝟎𝟏 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟒 950/1 
𝟗𝟎𝟓 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟒 950/5 
𝟗𝟏𝟓 1𝑥1015 950/20 𝟏𝒙𝟏𝟎𝟏𝟒 950/15 
Table 11: List of 𝐸𝑢 ion implanted in 𝑆𝑖 samples with different set of  𝐸𝑢 implantation dose and post-annealing 
conditions. All samples listed in are pre-implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉, pre-annealed at 950 °𝐶 for 
20 𝑚𝑖𝑛 and post-implanted at 400 𝑘𝑒𝑉. 
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𝑬𝒖𝑹_  Note: Different implantation and annealing order 
 
Sample's name 𝑬𝒖 implant (𝒄𝒎−𝟐) 𝑬𝒖 anneal (°𝑪/𝒎𝒊𝒏) 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 
𝟕𝟎𝟏 𝟏𝒙𝟏𝟎𝟏𝟒 750/1 1𝑥1015 950/20 
𝟕𝟎𝟓 𝟏𝒙𝟏𝟎𝟏𝟒 750/5 1𝑥1015 950/20 
𝟕𝟏𝟓 𝟏𝒙𝟏𝟎𝟏𝟒 750/15 1𝑥1015 950/20 
𝟖𝟎𝟏 𝟏𝒙𝟏𝟎𝟏𝟒 850/1 1𝑥1015 950/20 
𝟖𝟎𝟓 𝟏𝒙𝟏𝟎𝟏𝟒 850/5 1𝑥1015 950/20 
𝟖𝟏𝟓 𝟏𝒙𝟏𝟎𝟏𝟒 850/15 1𝑥1015 950/20 
𝟗𝟎𝟏 𝟏𝒙𝟏𝟎𝟏𝟒 950/1 1𝑥1015 950/20 
𝟗𝟎𝟓 𝟏𝒙𝟏𝟎𝟏𝟒 950/5 1𝑥1015 950/20 
𝟗𝟏𝟓 𝟏𝒙𝟏𝟎𝟏𝟒 950/15 1𝑥1015 950/20 
Table 12: List of 𝐸𝑢 ion implanted in 𝑆𝑖 samples with different set of  𝐸𝑢 implantation order and dose and post-
annealing conditions. All the samples are implanted with 𝐸𝑢 first and then 𝐵 ions which is in reverse order with 
sample listed in table 11. Each sample is pre-implanted at 400 𝑘𝑒𝑉, post-implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 at 
30 𝑘𝑒𝑉 and post-annealed at 950 °𝐶 for 20 𝑚𝑖𝑛. 
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Experiment results 
 
Figure 90: Set of graphs of intensity (𝑎. 𝑢.) vs wavelength (𝑛𝑚) for different 𝐸𝑢 ion implantation dose for each 
column (from the left side: 1012, 1013, 1014 and 1014 𝑐𝑚−2) and different post-annealing temperature for each 
row (from the top: 750 °𝐶, 850 °𝐶 and 950 °𝐶). In each graph there are 3 different post-annealing times 
1, 5 and 15 minute. The sample shown in the for right most coloumn in light blue colour is in reverse implantation 
order to the sample in 3𝑟𝑑 coloumn. All samples are supplied with 25 𝑚𝐴 electrical current at 80 𝐾 of sample 
temperature. The graph which is circled in red is showing the sample that gave the best luminescence (around 
450 𝑎. 𝑢.), which is implanted with 1014 𝑐𝑚−2 of 𝐸𝑢 ions and pre-annealed at 850 °𝐶 for 1 minute. 
 
Figure 90 shows the 𝐸𝐿 luminescence intensity from 𝑆𝑖: 𝐵&𝐸𝑢 samples with different 
𝐸𝑢 ion implantation dose, post-annealing temperature, different annealing time and fabrication 
order within 1000 𝑛𝑚 to 1700 𝑛𝑚 wavelength measured at 80 𝐾 of temperature. The red 
column on the far left is the spectrum from the sample which is implanted with 1𝑥1012 𝑐𝑚−2 of 
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𝐸𝑢 ion implantation dose. The violet column next to the red column is the spectrum from the 
sample which is implanted with 1𝑥1013 𝑐𝑚−2 of 𝐸𝑢 ion implantation dose. The 3𝑟𝑑 column 
in orange is the spectrum from sample which is implanted with 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion 
implantation dose. The blue column on the far right is the spectrum from sample which is 
implanted with 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion implantation dose but fabricated in reverse order where 
the 𝐸𝑢 is implanted first then 𝐵 ion is implanted with annealing treatment following after each 
implantation process. The figure shows that only sample post implanted with 1𝑥1013 and 
1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion dose on the violet and orange column is able to give 𝐸𝑢 luminescence 
with 2 sharp 𝐸𝑢-related luminescence peaks at 1404.6 𝑛𝑚 and 1446.6 𝑛𝑚. Samples which are 
in the orange column give the brightest luminescence while the samples which are fabricated 
in reverse order in the blue column give the weakest luminescence. The highest luminescence 
intensity comes from the sample which is post implanted with 1𝑥1014 𝑐𝑚−2 and post annealed 
at 850 °𝐶 for 1 min. By observation samples with post-annealing for 1 𝑚𝑖𝑛 gives higher 
intensity compared to samples post-annealed for 5 or 15 𝑚𝑖𝑛. 
 
Summary 
In summary, the studies show that the 𝐸𝑢-related luminescence is highly dependent on 
the post-implantation dose, post-annealing condition and order of sample fabrication. The 
sample which is pre-implanted and pre-annealed with 𝐵 ion followed with 𝐸𝑢 ion post-
implantation at 1𝑥1014 𝑐𝑚−2 and post-annealed at 850 °𝐶 for 1 min gives the brightest 
luminescence intensity. 
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4.3.3 Variation of Fabrication Process 
The aim of this experiment is to study the 𝐸𝐿 spectra from 𝐸𝑢 implanted into 𝑆𝑖 samples 
with different fabrication conditions at different temperatures. A bright sample is used in this 
experiment along with a sample which is fabricated in reverse order of the bright sample with 
and without 𝐵 ion implanted. The temperature of the sample is varied ranging from 80 𝐾 up to 
300 𝐾 and the samples are excited using 25 𝑚𝐴 of electrical current injection under forward 
bias at current density of 2𝐴/𝑐𝑚2. The measurements are taken from 1000 𝑛𝑚 up to 
1700 𝑛𝑚 of wavelength.  
 
Sample Details  
There are 3 samples used in this experiment, the brightest sample 𝐸𝑢14_801  from the 
experiment 4.3.2 which is post-implanted with 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion at 400 𝐾𝑒𝑉 and post-
annealed at 850°𝐶 for 1 𝑚𝑖𝑛. Sample 𝐸𝑢𝑅_801  and 𝐸𝑢𝑅_0 is fabricated in reverse order of 
the 𝐸𝑢14_801  sample with and without subsequent annealing after the 𝐸𝑢 implantation 
respectively. Sample 𝐸𝑢𝑅_801  and 𝐸𝑢𝑅_0  are pre-implanted with 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion at 
400 𝐾𝑒𝑉, while 𝐸𝑢𝑅_801  sample is subsequently annealed at 850°𝐶 for 1 𝑚𝑖𝑛 and sample 
𝐸𝑢𝑅_0  is not annealed after 𝐸𝑢 implantation. Both 𝐵 and 𝐸𝑢 are implanted at room 
temperature. Table 13 shows the summary of the samples used in this experiment. 
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𝑬𝒖𝟏𝟒_       
Sample's 
name 
𝑩 implant 
(𝒄𝒎−𝟐) 
𝑩 implant 
power (𝒌𝒆𝑽) 
𝑩 anneal 
(°𝑪/𝒎𝒊𝒏) 
𝑬𝒖 implant 
(𝒄𝒎−𝟐) 
𝑬𝒖 implant 
power (𝒌𝒆𝑽) 
𝑬𝒖 anneal 
(°𝑪/𝒎𝒊𝒏) 
𝟖𝟎𝟏 1𝑥10^15 30 950/20 1𝑥10^14 400 850/1 
 
𝑬𝒖𝑹_       
Sample's 
name 
𝑬𝒖 implant 
(𝒄𝒎−𝟐) 
𝑬𝒖 implant 
power (𝒌𝒆𝑽) 
𝑬𝒖 anneal 
(°𝑪/𝒎𝒊𝒏) 
𝑩 implant 
(𝒄𝒎−𝟐) 
𝑩 implant 
power (𝒌𝒆𝑽) 
𝑩 anneal 
(°𝑪/𝒎𝒊𝒏) 
𝟖𝟎𝟏 1𝑥10^14 400 𝟖𝟓𝟎/𝟏 1𝑥10^15 30 950/1 
𝟎 1𝑥10^14 400 − 1𝑥10^15 30 950/1 
 Table 13: List of 𝐸𝑢 ion implanted in 𝑆𝑖 samples used in this experiment. Sample 𝐸𝑢14_801 is the best sample 
taken from experiment 4.3.2, sample 𝐸𝑢𝑅_801 and 𝐸𝑢𝑅_0 is implanted in reverse order from sample 𝐸𝑢14_801. 
Sample 𝐸𝑢𝑅_801 is pre-annealed and sample 𝐸𝑢𝑅_0 is not pre-annealed.   
 
Experiment results 
 
Figure 91: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝐸𝑢14_801 which is excited 
using 25𝑚𝐴 of injection current at different sample temperatures ranging from 80 𝐾 up to 300 𝐾. The sample is 
implanted with  1014 𝑐𝑚−2 of 𝐸𝑢 ion and pre-annealed at 950𝐶 for 20 𝑚𝑖𝑛. Emission peaks around 1406 𝑛𝑚 and 
1448 𝑛𝑚 (𝐸𝑢) are observed. Highlighted in yellow is showing the sample temperature which gave the highest 
intensity in this experiment.  
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Figure 92: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝐸𝑢𝑅_801 which is excited 
using 25 𝑚𝐴 of injection current at different sample temperatures ranging from 80 𝐾 up to 300 𝐾. The sample is 
fabricated in reverse implantation order with  1014 𝑐𝑚−2 of 𝐸𝑢 ion and pre-annealed at 850 °𝐶 for 1 𝑚𝑖𝑛. Very 
low luminescence intensity is recorded with a low 𝑆𝑖 luminescence peak observed at 1130 𝑛𝑚. 
 
Figure 93: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝐸𝑢𝑅_0 which is excited using 
25 𝑚𝐴 of injection current at different sample temperatures ranging from 80 𝐾 up to 300 𝐾. The sample is 
fabricated in reverse implantation order with  1014 𝑐𝑚−2 of 𝐸𝑢 ion without any pre-annealing treatment. Very 
low luminescence intensity is recorded. 
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Figure 91 shows the 𝐸𝐿 luminescence intensity from 𝐸𝑢14_801 which is the brightest 
sample measured in the previous experiment measured at different temperatures ranging from 
80 𝐾 to 300 𝐾. The 𝐸𝑢14_801  sample in figure 91 is able to give high 𝐸𝑢-related 
luminescence intensity with 2 main narrow and sharp peaks at 1406 𝑛𝑚 and 1448 𝑛𝑚 
observable  at temperature 120 𝐾 and below. The luminescence intensity quenches as the 
temperature increases.  
 
Figure 92 shows the 𝐸𝐿 luminescence intensity from 𝐸𝑢𝑅801which is implanted in 
reverse order compare to sample 𝐸𝑢14_801 measured at different temperatures ranging from 
80 𝐾 to 300 𝐾. Figure 93 shows the 𝐸𝐿 luminescence intensity from 𝐸𝑢𝑅0 which is implanted 
in reverse order than the sample 𝐸𝑢14_801 but without any pre-annealing treatment after Eu 
implantation measured at different temperatures ranging from 80 𝐾 to 300 𝐾. There are no 𝐸𝑢-
related luminescence features which can be seen from both 𝐸𝑢𝑅801 and 𝐸𝑢𝑅0 samples in figure 
92 and figure 93. Very weak luminescence intensity with 𝑆𝑖 peak and broad luminescence 
around 1300 𝑛𝑚 to 1700 𝑛𝑚 can be seen in figure 92 at 80 𝐾 and only very weak broad 
luminescence around 1300 𝑛𝑚 to 1700 𝑛𝑚 can be seen in figure 93 at 80 𝐾. 
 
Summary 
In summary, the order of ion implantation and annealing process in fabricating the 
sample is very crucial in obtaining the 𝐸𝑢-related luminescence.  
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4.4 CHAPTER SUMMARY 
The 𝑃𝐿 and 𝐸𝐿 results collected from 𝐸𝑢 doped in 𝑆𝑖 samples show strong 𝐸𝑢-related 
luminescence between 1300 𝑛𝑚 to 1700 𝑛𝑚 which consists of very bright, sharp and narrow 
luminescence peaks at 1404 𝑛𝑚 (0.883 𝑒𝑉) and 1444 𝑛𝑚 (0.859 𝑒𝑉) and number of smaller 
luminescence peaks observed at 1322 𝑛𝑚 (0.938 𝑒𝑉), 1363 𝑛𝑚 (0.910 𝑒𝑉), 1383 𝑛𝑚 
(0.896 𝑒𝑉), 1423 𝑛𝑚 (0.871 𝑒𝑉), 1463 𝑛𝑚 (0.847 𝑒𝑉), 1483 𝑛𝑚 (0.836 𝑒𝑉), 
1508 𝑛𝑚 (0.822 𝑒𝑉) and 1559 𝑛𝑚 (0.795 𝑒𝑉) at 80 𝐾 of temperature and below. The 
luminescence peaks intensity decreases with temperature where most of the smaller peaks 
disappeared above 80 𝐾 of temperature while the 2 main peaks at 1404 𝑛𝑚 (0.883 𝑒𝑉) and 
1444 𝑛𝑚 (0.859 𝑒𝑉) are able to give high luminescence intensity up to 140 𝐾 of temperature 
using both 𝑃𝐿 and 𝐸𝐿 setups. 
 
The 𝐸𝑢-related luminescence peaks intensity are strongly dependent on the presence of 
the dislocation loops which are introduced and engineered via 𝐵 pre-implantation and pre-
annealing condition, 𝐸𝑢 post-implantation dose and temperature, and post-annealing 
temperature. The optimum fabrication conditions for the 𝐸𝑢 doped in 𝑆𝑖 to gain bright 𝐸𝑢-
related luminescence peaks intensity established in this chapter are summarized below: 
1. Pre-implanted with 1𝑥105 𝑐𝑚−2 of 𝐵 ion. 
2. Pre-annealed at 950 °𝐶 for 1 𝑚𝑖𝑛. 
3. Post-implanted with 1𝑥1014 𝑐𝑚−2 of 𝐸𝑢 ion at room temperature   
4. Post-annealed at 775 °𝐶 of temperature for 1 𝑚𝑖𝑛. 
5. 𝐷𝐸𝐿𝐸𝐷 needs to be fabricated in the right order of implantation and annealing 
process. 
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The 𝐸𝑢-related luminescence peak intensity increases slightly with the co-implanted 𝑂 
but no significant improvement in reduction of quenching rate with increasing of sample 
temperature is seen. The 𝐸𝑢-related luminescence peaks can be observed from 𝑆𝑖: 𝐵&𝐸𝑢 
sample fabricated on 𝑆𝑂𝐼 at 80 𝐾 of temperature even though the luminescence intensity is 
about 60 times lower than emission from bulk sample. 
 
𝐸𝐿 experiments demonstrate the capabilities of the 𝐸𝑢 doped 𝑆𝑖 𝐷𝐸𝐿𝐸𝐷 samples to 
emit high luminescence intensity via electrical injection.  Even though the luminescence 
quenches slowly as temperature increases but further optimization of the dislocation loops 
might be able to eliminate the quenching effect for room temperature operation.  
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5. CERIUM DOPED IN SILICON 
5.1 INTRODUCTION  
This chapter presents the experimental 𝑃𝐿 and 𝐸𝐿 results conducted on 𝐶𝑒 doped in 𝑆𝑖 
samples. The experiments aim to optimize the sample fabrication conditions to achieve the 
optimum luminescence intensity. This chapter is divided into 3 sections of 𝑃𝐿 experiments, 𝐸𝐿 
experiments and the conclusion of the experiments findings. The 𝑃𝐿 experiments includes 
studying the 𝑃𝐿 spectra from 𝐶𝑒 doped in 𝑆𝑖 samples with and without dislocation loops 
introduced, with and without pre-annealing treatments, at different pre-annealing time, at 
different 𝐶𝑒 post-implantation dose and temperature, at different post-annealing temperature, 
with and without co-implantation of 𝑂 and fabricated on different platforms. The 𝐸𝐿 
experiments demonstrate the capabilities of the 𝐶𝑒 doped in 𝑆𝑖 𝐷𝐸𝐿𝐸𝐷 device to operate via 
injection of electrical currents at different temperatures. 
 
 For each experiment, the aim is explained including the parameters used for the 
experiment. Then follows with the fabrication details of the samples used in the experiment 
which are summarized in table form. The following section highlights the 𝑃𝐿 and 𝐸𝐿 spectra 
collected from the experiment. The experimental results are summarized to highlight the main 
findings at the end of each experiment. 
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5.2 PHOTOLUMINESCENCE 
5.2.1 Silicon Doped with 𝑪𝒆 with and without Dislocation Loops 
The aim of this experiment is to study the luminescence spectrum of the 𝐶𝑒 ion 
implanted into bulk 𝑆𝑖 samples with and without dislocation loops introduced into the sample. 
The temperature of the sample is maintained at 80 𝐾 and the sample is excited using 200 𝑚𝑊 
of 532 𝑛𝑚 laser. The measurements are taken from 1000 𝑛𝑚 up to 2200 𝑛𝑚 of wavelength.  
Sample Details  
2 samples are used in this experiment, sample 𝑆_𝐶𝑒 has no dislocation loops introduced 
while sample 𝑆_𝐵𝐶𝑒 has dislocation loops introduced via 𝐵 implantation. Both 𝑆_𝐶𝑒 and 
𝑆_𝐵𝐶𝑒 sample are implanted with 1𝑥1013 𝑐𝑚−2 of 𝐶𝑒 ions at 400 𝐾𝑒𝑉 which is followed by 
post annealing at 850 °𝐶 for 1 𝑚𝑖𝑛. The 𝑆_𝐵𝐶𝑒 sample is pre-implanted with 1𝑥1015 𝑐𝑚−2 of 
𝐵 ions at 30 𝐾𝑒𝑉 to introduce the dislocation loops. Both 𝐵 and 𝐶𝑒 are implanted at room 
temperature.  Table 14 shows the summary of the samples used in this experiment. 
𝑺_ 
 
 
  
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑪𝒆 implant (𝒄𝒎−𝟐) 𝑪𝒆 anneal (°𝑪/𝒎𝒊𝒏) 
𝑪𝒆 − − 1𝑥1013 850/1 
𝑩𝑪𝒆 𝟏𝒙𝟏𝟎𝟏𝟓 − 1𝑥1013 850/1 
Table 14: The sample details of 𝐶𝑒 ions implanted in n-type 𝑆𝑖 [1 0 0] substrate used in this experiment. The 
sample fabrication is in order from left to right. All the samples are pre-implanted at 30 𝑘𝑒𝑉 and post-implanted 
at 400 𝑘𝑒𝑉.  
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Experiment Results 
  
Figure 94: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) on 𝐶𝑒 doped 𝑆𝑖 samples with dislocation 
loop present (𝐵𝐶𝑒) and without any dislocation loop present (𝐶𝑒). The samples are excited using 532 𝑛𝑚 laser at 
200 𝑚𝑊 at 80 𝐾 of sample temperature. Emission peaks at 1127.5 𝑛𝑚 (𝑆𝑖), 1393.75 𝑛𝑚 and 1449.75 𝑛𝑚 (𝐶𝑒) 
are observed from the 𝐵𝐶𝑒 sample while only emission peaks at 1127.5 𝑛𝑚 (𝑆𝑖) is observed from the 𝐶𝑒 sample.  
 
Figure 94 shows the 2 𝑃𝐿 spectra collected from the sample 𝑆_𝐶𝑒 which is implanted 
with 𝐶𝑒 only without any dislocation loop introduced and from the sample 𝑆_𝐵𝐶𝑒 which is 
implanted with 𝐵 to introduced dislocation loop and 𝐶𝑒 at 80 𝐾 of temperature. The 
𝑆_𝐶𝑒  sample only gives small luminescence peak at 1127 𝑛𝑚 (1.1 𝑒𝑉) while 𝑆_𝐵𝐶𝑒  sample 
gives broad luminescence between 1360 𝑛𝑚 and 1800 𝑛𝑚 which consist of 2 main sharp and 
narrow peaks at 1393 𝑛𝑚 (0.890 𝑒𝑉) and 1448 𝑛𝑚 (0.856 𝑒𝑉) and 2 small luminescence 
peaks at 1900 𝑛𝑚 (0.653 𝑒𝑉) and 1915 𝑛𝑚 (0.647 𝑒𝑉) apart from the same 𝑆𝑖 band-edge 
luminescence peak at 1127 𝑛𝑚. The luminescence between 1360 𝑛𝑚 and 1800 𝑛𝑚 is 
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attributed to the 𝐶𝑒-related luminescence, the energy transition of the 𝐶𝑒-related luminescence 
peaks will be discussed in more detail in the discussion chapter (chapter 7). 
 
Summary 
The 𝑃𝐿 spectra collected show that the 𝐶𝑒-related luminescence between 1250 𝑛𝑚 to 
1750 𝑛𝑚 is strongly dependent on the presence of dislocation loops in the sample through the 
implantation of 𝐵 ion as the 𝐶𝑒-related luminescence can only be observed in the sample which 
is pre-implanted with 𝐵. The peaks observed from both 𝑃𝐿 spectra are summarized in table 15. 
 
 
 
 
Table 15: List of luminescence peaks observed at 80 𝐾 of temperature from 𝑃𝐿 spectra collected from both sample 
𝑆_𝐶𝑒 which is implanted with 𝐶𝑒 only without any dislocation loop introduced and from the sample 𝑆_𝐵𝐶𝑒 which 
is implanted with 𝐵 to introduce dislocation loops. In bold are the main bright and sharp 𝐶𝑒-related luminescence 
peaks. 
 
  
Sample 𝑺_𝑪𝒆 𝑺_𝑩𝑪𝒆 
Luminescence 
Peak 
1127 𝑛𝑚 (1.1 𝑒𝑉) 1127 𝑛𝑚 (1.1 𝑒𝑉) 
 𝟏𝟑𝟗𝟑 𝒏𝒎 (𝟎. 𝟖𝟗𝟎 𝒆𝑽) 
 𝟏𝟒𝟒𝟖 𝒏𝒎 (𝟎. 𝟖𝟓𝟔 𝒆𝑽) 
 1900 𝑛𝑚 (0.653 𝑒𝑉) 
 1915 𝑛𝑚 (0.647 𝑒𝑉) 
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5.2.2 𝑪𝒆 Ions Implantation Dose and Pre-Annealing Condition Dependent 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝐶𝑒 implanted into 𝑆𝑖 samples 
with different 𝐶𝑒 implantation dose and with and without pre-annealing treatment. The 𝐶𝑒 ion 
is implanted at different doses ranging between 1𝑥1012 𝑐𝑚−2 to 1𝑥1014 𝑐𝑚−2. Pre-annealing 
treatment is the subsequent annealing process after the implantation of the 𝐵 ion into the 
sample to repair the lattice damage and to engineer the dislocation loops. The temperature of 
the sample is maintained at 80 𝐾 and the sample is excited using 100 𝑚𝑊 of 532 𝑛𝑚 laser. 
The measurements are taken from 1000 𝑛𝑚 up to 1700 𝑛𝑚 of wavelength.  
Sample Details 
2 sets of samples are used in this experiment, the 1𝑠𝑡 set (𝐶𝑒1) is pre-annealed at 950°𝐶 
for 90 𝑠𝑒𝑐 while the 2𝑛𝑑 set (𝐶𝑒2) is not pre-annealed after 𝐵 implantation. In each set there 
are 6 samples, sample 𝐴, 𝐵, 𝐶 and 𝐷 are post-implanted at  1𝑥1012, 1𝑥1013 , 5𝑥1013 and 
1𝑥1014 𝑐𝑚−2 of 𝐶𝑒 doses at 400 𝐾𝑒𝑉, while 𝐸 and 𝐹 sample are post-implanted at  1014 𝑐𝑚−2 
of 𝐶𝑒 doses at 400 𝐾𝑒𝑉 at different implantation temperature of 400 °𝐶  and 200 °𝐶. All the 
samples are pre-implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and post-annealed at 850 °𝐶 
for 1 𝑚𝑖𝑛. Table 16 shows the summary of the samples used in this experiment. 
𝑪𝒆𝟏_ 
   
Sample's name 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑪𝒆 implantation dose (𝒄𝒎−𝟐) 𝑪𝒆 implantation energy (𝒌𝒆𝑽) 
𝑨 950𝐶/1.5 𝟏𝒙𝟏𝟎𝟏𝟐 400 
𝑩 950𝐶/1.5 𝟏𝒙𝟏𝟎𝟏𝟑 400 
𝑪 950𝐶/1.5 𝟓𝒙𝟏𝟎𝟏𝟑 400 
𝑫 950𝐶/1.5 𝟏𝒙𝟏𝟎𝟏𝟒 400 
𝑬 950𝐶/1.5 1𝑥1014 𝟒𝟎𝟎 (𝟒𝟎𝟎 °𝑪) 
𝑭 950𝐶/1.5 1𝑥1014 𝟒𝟎𝟎 (𝟐𝟎𝟎 °𝑪) 
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𝑪𝒆𝟐_ 
   
Sample's name 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑪𝒆 implantation dose (𝒄𝒎−𝟐) 𝑪𝒆 implantation energy (𝒌𝒆𝑽) 
𝑨 − 𝟏𝒙𝟏𝟎𝟏𝟐 400 
𝑩 − 𝟏𝒙𝟏𝟎𝟏𝟑 400 
𝑪 − 𝟓𝒙𝟏𝟎𝟏𝟑 400 
𝑫 − 𝟏𝒙𝟏𝟎𝟏𝟒 400 
𝑬 − 1𝑥1014 𝟒𝟎𝟎 (𝟒𝟎𝟎 °𝑪) 
𝑭 − 1𝑥1014 𝟒𝟎𝟎 (𝟐𝟎𝟎 °𝑪) 
Table 16: List of 𝐶𝑒 ion implanted in 𝑆𝑖 samples with different 𝐶𝑒 implantation dose and pre-annealing condition. 
All the samples are pre-implanted with 1𝑥1015𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and post-annealed at 850 °𝐶 for 1 𝑚𝑖𝑛. 
 
Experiment Results 
 
Figure 95: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for different 𝐶𝑒 ions implantation dose 
for the set of samples with pre-annealing treatment (1𝑠𝑡  set). The implantation dose ranges from 1012 
to 1014 𝑐𝑚−2 . The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample temperature. Emission 
peaks at 1127 𝑛𝑚 (𝑆𝑖), 1393 𝑛𝑚 and 1449 𝑛𝑚 (𝐶𝑒) are observed. The sample with  1013 𝑐𝑚−2 of 𝐶𝑒 ion 
implanted (red line) gave the highest luminescence intensity. 
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Figure 96: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for different 𝐶𝑒 ions implantation dose 
for the set of samples without any pre-annealing treatment (2𝑛𝑑  set). The implantation dose ranges from 1012 
to 1014 𝑐𝑚−2. The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample temperature. Emission 
peaks at 1127 𝑛𝑚 (𝑆𝑖), 1393 𝑛𝑚 and 1449 𝑛𝑚 (𝐶𝑒) is observed. The sample with  1013 𝑐𝑚−2 of 𝐶𝑒 ion 
implanted (red line) gives highest luminescence intensity. annealed   
  
Figure 97: Graph of Intensity (𝑎. 𝑢.) vs 𝐶𝑒 ion implantation dose (𝑐𝑚−2) for 𝑆𝑖 peak (1127.5 𝑛𝑚) and 2 main 𝐶𝑒 
peaks (1393.75 and 1449.75 𝑛𝑚) for samples with pre-annealing treatment (1𝑠𝑡  set) and without any pre-
annealing treatment (2𝑛𝑑  set). The implantation dose ranges from 1012 to 1014 𝑐𝑚−2. The samples are excited 
using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 sample temperature. The samples with  1013 𝑐𝑚−2 of 𝐶𝑒 ion implanted 
gives high luminescence intensity for both pre-annealed (around 100 𝑎. 𝑢) and not pre-annealed (around 180 𝑎. 𝑢) 
sample. The lines are connected between data points. 
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Figure 98: Graph of integrated intensity (𝑎. 𝑢.) vs. 𝐶𝑒 ion implantation dose (𝑐𝑚−2) for 3 different spectral regions 
for samples with pre-annealed (1𝑠𝑡  set) and without any pre-annealing treatment (2𝑛𝑑 set). The 𝑆𝑖 region covers 
from 1000 to 1196 𝑛𝑚, from 1196 to 1700 𝑛𝑚 is the 𝐶𝑒 region and 1000 to 1700 𝑛𝑚 is the total region. The 
implantation dose ranges from 1012 to 1014 𝑐𝑚−2. The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 
80 𝐾 sample temperature. The samples with  1013 𝑐𝑚−2 of 𝐶𝑒 ion implanted gives high integrated intensity for 
both pre-annealed (around 100 𝑎. 𝑢) and not pre-annealed (around 180 𝑎. 𝑢) sample. The lines are connected 
between data points. 
  
Figure 99: Graph of Intensity (𝑎. 𝑢.) vs 𝐶𝑒 ion implantation temperature (°𝐶) for 2 main 𝐶𝑒 peaks (1393 
and 1449 𝑛𝑚) from samples with pre-annealing treatment (𝐶𝑒1 set) and without any pre-annealing treatment 
(𝐶𝑒2 set) with 1014 𝑐𝑚−2 of 𝐶𝑒 implantation dose implanted at room temperature, 200°𝐶 and 400°𝐶. The 
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samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 sample temperature. Sample 𝐶𝑒1 give higher 
luminescence than sample 𝐶𝑒2 at all the implantation temperature. The lines are connected between data points 
 
Figure 95 and figure 96 show the 𝑃𝐿 spectra collected at 80 𝐾 of temperature from 𝐶𝑒1 
sample set which is pre-annealed after the 𝐵 implantation and from 𝐶𝑒2 sample set which is 
not pre-annealed after the 𝐵 implantation. Both set of samples are post-implanted at different 
𝐶𝑒 implantation dose ranging from 1𝑥1012 𝑐𝑚−2 to 1𝑥1014 𝑐𝑚−2, 2 of the samples from each 
set (𝐸 and 𝐹) are implanted with  1014 𝑐𝑚−2 of 𝐶𝑒 implantation dose at 200 °𝐶  and 400 °𝐶 
of implantation temperature. There are 2 main 𝐶𝑒-related luminescence peaks at 1393 𝑛𝑚 
and 1449 𝑛𝑚 imposed on a broad spectrum between 1350 𝑛𝑚 and 1650 𝑛𝑚 and 1 𝑆𝑖 peak 
at 1127 𝑛𝑚 which can be observed from both 𝐶𝑒1 and 𝐶𝑒2  set of sample. 
 
Figure 97 and figure 98 show the intensity for the 2 main 𝐶𝑒-related luminescence 
peaks and the integrated intensity from the 𝐶𝑒1 set of samples against the 𝐶𝑒 ions implantation 
dose ranging from 1𝑥1012 𝑐𝑚−2 to 1𝑥1014 𝑐𝑚−2. At 1𝑥1012 𝑐𝑚−2 of main 𝐶𝑒-related 
luminescence peak at 1393 𝑛𝑚 and 1449 𝑛𝑚 from the 𝐶𝑒2 sample set have higher intensity 
compared to the peaks intensity from the 𝐶𝑒1 sample set. The peak intensity from both sets of 
sample increases dramatically at the optimum 𝐶𝑒 ion implantation dose of 1𝑥1013 𝑐𝑚−2 with 
𝐶𝑒2 sample set emitting approximately 80% higher in luminescence intensity than the 
luminescence intensity emitted from sample 𝐶𝑒1 at the same 𝐶𝑒 ion implantation dose. The 
peak intensity decreases as the 𝐶𝑒 ion implantation dose increases from 1𝑥1013 𝑐𝑚−2 
to 1𝑥1014 𝑐𝑚−2. The peak intensity from sample 𝐶𝑒2 quenches at higher rate than sample 𝐶𝑒1 
as the implantation dose increases from 1𝑥1013 𝑐𝑚−2 to 5𝑥1013 𝑐𝑚−2 where the peaks 
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intensity drops lower than the peaks intensity from sample 𝐶𝑒1.  The Si peak does not show 
any significant change as the 𝐶𝑒 implantation dose increases. 
 
Figure 99 shows the 2 main 𝐶𝑒-related luminescence intensity peaks from sample 𝐶𝑒1 
and 𝐶𝑒2 which are post-implanted with  1𝑥1014 𝑐𝑚−2 of 𝐶𝑒 ions at room temperature, 
200 °𝐶 and 400 °𝐶 of post-implantation temperature. The luminescence intensity emitted from 
sample 𝐶𝑒1 is higher than luminescence intensity emitted from sample 𝐶𝑒2 and the 
luminescence intensity from both sets of samples increases with post-implantation temperature, 
the highest luminescence intensity is emitted when post-implantation at 400 °𝐶 of temperature. 
The luminescence intensity emitted from sample 𝐶𝑒1 increases at higher rate between room 
temperature to 200 °𝐶 of implantation temperature but increases at lower rate between 200 °𝐶 
to 400 °𝐶 compared to sample 𝐶𝑒2, where the luminescence intensity increases linearly from 
room temperature to 400 °𝐶 of implantation temperature. 
Summary 
The results collected show that the 𝐶𝑒-related luminescence intensity from the sample 
is strongly dependent on the dose of 𝐶𝑒 ions implanted into the sample, the implantation 
temperature of 𝐶𝑒 ions and the pre-annealing condition of the sample. The sample emit higher 
luminescence intensity without any pre-annealing treatment. The optimum 𝐶𝑒 implantation 
dose at 1𝑥1013 𝑐𝑚−2 with about 80% times higher emission on the sample without any pre-
annealing treatment. Results also show the sample which is post-implanted with 1𝑥1014 𝑐𝑚−2 
of 𝐶𝑒 is able to emit higher luminescence intensity when post-implanted at 400 °𝐶 of 
temperature.  
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5.2.3 Pre-annealing Time Dependent 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝐶𝑒 implanted into 𝑆𝑖 samples 
which are pre-annealed at different times. The samples are pre-annealed from 1 𝑚𝑖𝑛 up to 
60 𝑚𝑖𝑛 with one sample not pre-annealed at all. The temperature of the sample is maintained 
at 80 𝐾 and the sample is excited using 100 𝑚𝑊 of 532 𝑛𝑚 laser. The measurements are taken 
from 1000 𝑛𝑚 up to 1700 𝑛𝑚 of wavelength. 
Sample Details  
The samples are pre-implanted with 1𝑥1015𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and pre-annealed at 
950 °𝐶 for different duration, sample 𝐶𝑒3_𝐴, 𝐵, 𝐶, 𝐷, 𝐸, 𝐹 and 𝐺 are pre-annealed for 
1, 2, 5, 10, 20, 40 and 60 minutes while sample 𝐶𝑒3_𝐻 is not pre-annealed.  All the samples are 
post-implanted at 1𝑥1014 of 𝐸𝑢 at 400 𝐾𝑒𝑉 and post-annealed at 800 °𝐶 for 1 𝑚𝑖𝑛. Both 
𝐵 and 𝐶𝑒 are implanted at room temperature. Table 17 shows the summary of the samples used 
in this experiment. 
 𝑪𝒆𝟑_ 
    
Sample's name B implant (𝒄𝒎−𝟐) B anneal (°𝑪/𝒎𝒊𝒏) 𝑪𝒆 implant (𝒄𝒎−𝟐) 𝑪𝒆 anneal (°𝑪/𝒎𝒊𝒏) 
𝑨 1𝑥1015 𝟗𝟓𝟎/𝟏 1𝑥1013 800/1 
𝑩 1𝑥1015 𝟗𝟓𝟎/𝟐 1𝑥1013 800/1 
𝑪 1𝑥1015 𝟗𝟓𝟎/𝟓 1𝑥1013 800/1 
𝑫 1𝑥1015 𝟗𝟓𝟎/𝟏𝟎 1𝑥1013 800/1 
𝑬 1𝑥1015 𝟗𝟓𝟎/𝟐𝟎 1𝑥1013 800/1 
𝑭 1𝑥1015 𝟗𝟓𝟎/𝟒𝟎 1𝑥1013 800/1 
𝑮 1𝑥1015 𝟗𝟓𝟎/𝟔𝟎 1𝑥1013 800/1 
𝑯 1𝑥1015 − 1𝑥1013 800/1 
Table 17: The detail of 𝐶𝑒 ion implanted in 𝑆𝑖 samples used in this experiment. All the samples are pre-implanted 
with at 30 𝑘𝑒𝑉 and post-implanted at 400 𝑘𝑒𝑉. The samples vary on the pre-annealing time ranging between 
1 𝑚𝑖𝑛 up to 60 𝑚𝑖𝑛 and one sample was not pre-annealed. 
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Experiment results 
 
Figure 100: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) result from sample 𝐶𝑒3 at different pre-
annealed time ranging from 0 up to 60 𝑚𝑖𝑛. The sample is excited using 50𝑚𝑊 of 532𝑛𝑚 laser at 80𝐾 of sample 
temperature. 
 
 
Figure 101: Graph of 𝑎) intensity (𝑎. 𝑢.) and 𝑏) integrated intensity (𝑎. 𝑢.) against different pre-annealing time 
ranging from 1 𝑚𝑖𝑛 up to 60 𝑚𝑖𝑛. The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample 
temperature. The samples which is not pre-annealed gives high luminescence intensity at 1390 𝑛𝑚. The lines are 
connected between data points. 
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Figure 100 shows the 𝑃𝐿 spectra collected at 80 𝐾 of temperature from the 𝐶𝑒3 sample 
set which were pre-annealed for 1, 2, 5, 10, 20, 40 and 60 𝑚𝑖𝑛 with one sample not pre-
annealed. There are Si peak at 1127 𝑛𝑚 and 2 main 𝐶𝑒-related luminescence peaks observed 
at 1390 𝑛𝑚 and 1450 𝑛𝑚 imposed on a broader spectrum ranging from 1350 𝑛𝑚 
to 1750 𝑛𝑚. The 𝐶𝑒-related peak at  1390 𝑛𝑚 is sharper and higher in intensity compared to 
the 𝐶𝑒-related peak at 1450 𝑛𝑚.  
 
Figure 101 shows the luminescence intensity and the integrated luminescence intensity 
for the 2 main 𝐶𝑒-related luminescence peaks and 𝑆𝑖 peak against different pre-annealing times 
ranging from 0 up to 60 𝑚𝑖𝑛𝑠. The sample 𝐶𝑒3_𝐻 which is not pre-annealed gives the brightest 
luminescence intensity for both 𝐶𝑒-related luminescence peaks and the integrated intensity is 
more than 2 times higher in intensity than the 2𝑛𝑑 brightest sample which is pre-annealed 
for 1 𝑚𝑖𝑛. The integrated luminescence intensity in the 𝐶𝑒 region decreases rapidly as the pre-
annealing time increases to 10 𝑚𝑖𝑛 but slowly increases as the pre-annealing time increases 
between 10 to 60 𝑚𝑖𝑛.  
 
Summary 
In summary, the 𝐶𝑒-related luminescence is highly dependent with the sample pre-
annealing condition. The highest luminescence intensity emitted from sample which is not pre-
annealed and the luminescence intensity decreases as pre-annealing time increases.  
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5.2.4 Laser Injection Power Dependent 
The aim of this experiment is to investigate the 𝑃𝐿 spectrum from 𝐶𝑒 implanted into 𝑆𝑖 
excited at different injection laser power. The laser excitation power is varied from 10 𝑚𝑊 
up to 400 𝑚𝑊. The temperature of the sample is maintained at 80 𝐾 and the measurements 
are taken from 1000 𝑛𝑚 up to 1700 𝑛𝑚 of wavelength.  
 
Sample Details  
The sample used in this experiment is the brightest sample taken from experiment 
4.2.1.2, the sample is pre-implanted with 1𝑥1015𝑐𝑚−2 of 𝐵 at 30 keV without any pre-
annealing treatment, the sample is post implanted with 1𝑥1013𝑐𝑚−2 of 𝐶𝑒 at 400 𝑘𝑒𝑉 then 
subsequently post annealed at 850 °𝐶 for 1 𝑚𝑖𝑛. Table 18 shows the summary of the samples 
used in this experiment. 
 
𝑪𝒆𝟐_ 
   
Sample's name 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑪𝒆 implantation dose (𝒄𝒎−𝟐) 𝑪𝒆 implantation energy (𝒌𝒆𝑽) 
𝑩 − 𝟏𝒙𝟏𝟎𝟏𝟑 400 
Table 18: The detail of 𝐶𝑒 ion implanted in 𝑆𝑖 samples used in this experiment, the sample is pre-implanted with 
1𝑥1015𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and post-annealed at 850 °𝐶 for 1 𝑚𝑖𝑛 
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Experiment results 
 
Figure 102: Graph of intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) on sample 𝐶𝑒2_𝐵 which is excited using 532 𝑛𝑚 laser 
at different power ranging from 10 𝑚𝑊 up to 400 𝑚𝑊 at 80 𝐾 of sample temperature. The sample is implanted 
with  1013 𝑐𝑚−2 of 𝐶𝑒 ion without any pre-annealing treatment. Emission peaks at 1128.8 𝑛𝑚 (𝑆𝑖), 1393.75 𝑛𝑚 
and 1449.75 𝑛𝑚 (𝐶𝑒) are observed. The red circle is showing the laser power which gave the highest intensity in 
this experiment. 
 
Figure 103: Graph of intensity (𝑎. 𝑢.) vs. injection laser power (𝑚𝑊) for 𝑆𝑖 peak (black line) and 2 main 𝐶𝑒 peaks 
(red and blue line). The sample 𝐶𝑒2_𝐵 is implanted with  1013 𝑐𝑚−2 of 𝐶𝑒 ion without any pre-annealing 
treatment is excited using 532 𝑛𝑚 laser at different power ranging from 10 𝑚𝑊 up to 400 𝑚𝑊 at 80 𝐾 of sample 
temperature. Luminescence intensity at 1393.4 𝑛𝑚 (red line) gives highest intensity for all laser power injection. 
All 3 peaks increase with injection power. The lines are connected between data points. 
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Figure 104: Graph of integrated intensity (𝑎. 𝑢.) vs. injection laser power (𝑚𝑊) for 3 different spectral regions. 
The 𝑆𝑖 region (black line) covers from 1000 to 1196 𝑛𝑚  is the, 1196 to 1700 𝑛𝑚 (red line) is the 𝐶𝑒 region and 
1000 to 1700 𝑛𝑚 (blue line) is the total region. The sample 𝐶𝑒2_𝐵 is implanted with  1013 𝑐𝑚−2 of 𝐶𝑒 ion 
without any pre-annealing treatment is excited using 532 𝑛𝑚 laser at different power ranging from 10 𝑚𝑊 up 
to 400 𝑚𝑊 at 80 𝐾 sample temperature. The lines are connected between data points. 
 
Figure 102 shows luminescence spectra collected from sample 𝐶𝑒2_𝐵 excited with 
different laser excitation power ranging from 10 𝑚𝑊 to 400 𝑚𝑊 at 80𝐾 sample temperature. 
There are Si peak at 1128 𝑛𝑚 and 2 main 𝐶𝑒-related luminescence peaks at 1393 𝑛𝑚 and 
1449 𝑛𝑚 imposed on a broader spectrum ranging from 1350 𝑛𝑚 to 1700 𝑛𝑚 can be observed 
in from the spectra. The 𝐶𝑒-related peak at  1393 𝑛𝑚 is sharper and higher in intensity 
compared to the 𝐶𝑒-related peak at 1449 𝑛𝑚.  
 
Figure 103 and figure 104 show the luminescence intensity for the 3 main peaks and 
the integrated luminescence intensity from the 𝐶𝑒2_𝐵 sample against the excitation laser power 
ranging from 10 𝑚𝑊 to 400 𝑚𝑊. As the excitation laser power increases, the luminescence 
intensity for the 3 main peaks as well as the integrated intensity increases proportionally. The 
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luminescence intensity from the 3 peaks increases at different rates with the 𝐶𝑒 peak at 
1393.4 𝑛𝑚 showing the highest rate of increment while the 𝑆𝑖 peak at 1128.8 𝑛𝑚 shows the 
lowest increment rate. The rate of increment for both 𝐶𝑒 peaks is reducing slowly as the 
excitation laser power increases.  
 
Summary 
In summary, the results collected show that the luminescence intensity emitted from 
the sample increases with the injection laser power.  
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5.2.5 Temperature Dependent 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝐶𝑒 implanted into 𝑆𝑖 at 
different sample temperatures. There are 2 different sets of measurements in this experiment, 
where the 1𝑠𝑡  set of measurements are done from 20 𝐾 up to 80 𝐾 using 150mW of 532 nm 
laser while the 2𝑛𝑑 set of measurements are done from 80 𝐾 up to 300 𝐾 using 100𝑚𝑊 of 
532 𝑛𝑚 laser. The measurements are taken from 1000 𝑛𝑚 up to 1700 𝑛𝑚 of wavelength.  
 
Sample Details  
The sample used in this experiment is pre-implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 
with no pre-annealing treatment, post-implanted with 1𝑥1013  of 𝐶𝑒 at 400 𝐾𝑒𝑉 and post-
annealed at 850 °𝐶 for 1 𝑚𝑖𝑛. Both 𝐵 and 𝐶𝑒 are implanted at room temperature. Table 19 
shows the summary of the samples used in this experiment.  
 
𝑪𝒆𝟐_ 
    
Sample's name B implant (𝒄𝒎−𝟐) B anneal (°𝑪/𝒎𝒊𝒏) 𝑪𝒆 implant (𝒄𝒎−𝟐) 𝑪𝒆 anneal (°𝑪/𝒎𝒊𝒏) 
𝑩 1𝑥1015 − 1𝑥1013 850/1 
Table 19: The details of 𝐶𝑒 ion implanted in 𝑆𝑖 samples used in this experiment. The sample is pre-implanted with 
at 30 𝑘𝑒𝑉 and post-implanted at 400 𝑘𝑒𝑉.  
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Experiment results 
 
Figure 105: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝐶𝑒2_𝐵 which is excited using 
150 𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 20𝐾 up to 80 𝐾. The sample is 
implanted with  1013 𝑐𝑚−2 of 𝐶𝑒 ion without any pre-annealing treatment. Emission peaks around 1130 𝑛𝑚 (𝑆𝑖), 
1390 𝑛𝑚 and 1450 𝑛𝑚 (𝐶𝑒) are observed. The red circle is showing the best sample temperature which gave the 
highest intensity in this experiment. The results in figure 105 have been normalized with data in figure 106 using 
80 𝐾 result as reference.  
  
Figure 106: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝐶𝑒2_𝐵 which is excited using 
100𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 80𝐾 up to 300 𝐾. The sample is 
implanted with  1013 𝑐𝑚−2 of 𝐶𝑒 ion without any pre-annealing treatment. Emission peaks around 1130 𝑛𝑚 (𝑆𝑖), 
1390 𝑛𝑚 and 1450 𝑛𝑚 (𝐶𝑒) are observed. The red circle is showing the sample temperature which gave the 
highest intensity.  
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Figure 107: Graph of intensity (𝑎. 𝑢.) vs sample temperature (𝐾) on sample  𝐶𝑒2. The sample is excited using 
532 𝑛𝑚 laser at different sample temperatures ranging from 20 𝐾 to 300 𝐾. The sample is implanted with 
 1013 𝑐𝑚−2 of 𝐶𝑒 ion without any pre-annealing treatment. The 𝑆𝑖 peak (black line) varies from 1127.5 to 
1159.6 𝑛𝑚 with temperature while the 2 main 𝐶𝑒 peaks (red and blue line) vary from 1388.5 to 1399.0 𝑛𝑚 and 
from 1445.5 to 1477.4 𝑛𝑚. Luminescence intensity at around 1390.0 𝑛𝑚 (red line) gives highest intensity at 
lower sample temperature. The lines are connected between data points. 
  
Figure 108: Graph of integrated intensity (𝑎. 𝑢.) vs. sample temperature (𝐾) on sample  𝐶𝑒2_𝐵 which is excited 
using 532 𝑛𝑚 laser at different sample temperatures ranging from 20 𝐾 to 300 𝐾. The sample is implanted with 
 1013 𝑐𝑚−2 of 𝐶𝑒 ion without any pre-annealing treatment. The black line is the integrated intensity for 𝑆𝑖 region 
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while the red line is for the 𝐶𝑒 region and the blue line is the total integrated intensity from 
1000 𝑛𝑚 until 1700 𝑛𝑚. Most of the luminescence is coming from 𝐶𝑒 ions. The lines are connected between 
data points. 
    
Figure 109: Graph of luminescence peaks position (𝑛𝑚) vs. sample temperature (𝐾) on sample  𝐶𝑒2_𝐵 which is 
excited using 532 𝑛𝑚 laser at different sample temperatures ranging from 20 𝐾 to 300 𝐾. The sample is 
implanted with  1013 𝑐𝑚−2 of 𝐶𝑒 ion without any pre-annealing treatment. All 3 luminescence peaks shifted to 
longer wavelength with increasing temperature and changes in higher magnitude at higher temperatures. The lines 
are connected between data points. 
 
Figure 105 shows the 𝑃𝐿 spectra collected from 𝐶𝑒2_𝐵 sample at different temperatures 
ranging from 20 𝐾 up to 80 𝐾 while figure 106 shows the 𝑃𝐿 spectra collected from the same 
sample at 80 𝐾 to 300 𝐾 of temperature. There are 2 sharp and strong main 𝐶𝑒-related 
luminescence peaks at 1390 𝑛𝑚 (0.89 𝑒𝑉 ) and 1450 𝑛𝑚 (0.86 𝑒𝑉) and 4 smaller peaks 
at 1410 𝑛𝑚, 1432 𝑛𝑚, 1470 𝑛𝑚 and 1500 𝑛𝑚 that can be observed at 20 𝐾 and 30 𝐾 in 
figure 105. The smaller peaks lose quickly and become part of the broader spectrum as the 
temperature increases above 30 𝐾. In figure 106 at 80 𝐾 there are only 2 of the smaller peaks 
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which can still be seen at around 1410 𝑛𝑚 and 1500 𝑛𝑚 and by 180 𝐾 and above both of the 
peaks start to weaken and become one broad luminescence between 1350 𝑛𝑚 to 1650 𝑛𝑚. 
 
Figure 107 and figure 108 show the luminescence intensity for the 3 main luminescence 
peaks and the integrated luminescence intensity from the sample against the increase 
temperature ranging from 20 𝐾 to 300 𝐾. The luminescence intensity peaks at 1390 𝑛𝑚 and 
1450 𝑛𝑚 are very high at 20 𝐾 of temperature especially at 1390 𝑛𝑚. The luminescence 
intensity quenches rapidly between 20 𝐾 to 80 𝐾 but from 80 𝐾 to 300𝐾 the luminescence 
intensity quenches at slower rate. The luminescence peaks at 1390 𝑛𝑚 and 1450 𝑛𝑚 start to 
lose their peaks and become part of the broad luminescence by 180 𝐾 of temperature and the 
overall luminescence almost fully quenches above 260 𝐾. There is hardly any luminescence 
emitted from the sample can be observed as temperature reaches room temperature.  Even 
though the main 𝐶𝑒-related luminescence peak intensity quenches rapidly, the broad 
luminescence between 1350 𝑛𝑚 to 1700 𝑛𝑚 which contributes to most of the total integrated 
luminescence intensity quenches slowly as can be observed in figure 108. 
 
Figure 109 shows the peak position for the 3 main peaks from sample 𝐶𝑒2_𝐵 against 
temperature ranging from 20 𝐾 up to 300 𝐾. The peaks position for the 3 main peaks remain 
constant from 20 𝐾 up to 60 𝐾 and starting to red shift slowly as temperature increases 
above 70 𝐾. The peaks position red shifted more as the temperature increases toward room 
temperature.  
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Summary 
In summary, the 𝐶𝑒-related luminescence intensity is strongly affected by the temperature 
of the sample. The sample emits its highest 𝐶𝑒-related luminescence intensity at very low 
temperature, and the luminescence intensity quenches rapidly as temperature increases. The 
features of the main 𝐶𝑒-related luminescence peaks are very bright and can be clearly observed 
at very low temperature but most of the peaks quenches and loses their peaks into a broader 
spectrum at higher temperatures and no 𝐶𝑒-related luminescence can be observed at room 
temperature. The luminescence peak positions are red-shifted as temperature increases. 
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5.2.6 Co-Doping with 𝑶 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝑆𝑖 samples implanted with 
different combinations of 𝐵, 𝐶𝑒 and 𝑂 ion dopant. The temperature of the samples is 
maintained at 80 K of temperature but the temperature of the bright sample is varied from 
80 𝐾 up to 300K. The sample is excited using 200 𝑚𝑊 of 532 𝑛𝑚 laser. The measurements 
are taken from 1000 𝑛𝑚 up to 1800 𝑛𝑚 of wavelength.  
Sample Details  
The 𝑆𝑖 samples are implanted with 6 different combinations of 𝐵, 𝐸𝑢 and 𝑂 ion dopant 
and they are 𝑆𝑖: 𝐵: 𝐶𝑒 (𝑆_𝐵𝐶𝑒), 𝑆𝑖: 𝐵: 𝐶𝑒: 𝑂 (𝑆_𝐵𝐶𝑒𝑂), 𝑆𝑖: 𝐶𝑒 (𝑆_𝐶𝑒), 𝑆𝑖: 𝐶𝑒: 𝑂 (𝑆_𝐶𝑒𝑂), 
𝑆𝑖: 𝐵: 𝑂 (𝑆_𝐵𝑂) and 𝑆𝑖: 𝑂 (𝑆_𝑂). Samples implanted with 𝐵 ion,  𝑆_𝐵𝐶𝑒, 𝑆_𝐵𝐶𝑒𝑂 and 𝑆_𝐵𝑂 
are pre-implanted with 1𝑥1015𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉. Samples implanted with 𝐶𝑒 
ion, 𝑆_𝐵𝐶𝑒, 𝑆_𝐵𝐶𝑒𝑂, 𝑆_𝐶𝑒 and 𝑆_𝐶𝑒𝑂 are post-implanted with 1𝑥1013 𝑐𝑚−2 of 𝐶𝑒 
at 400 𝐾𝑒𝑉 and post-annealed at 850 °𝐶 for 1 𝑚𝑖𝑛. Samples implanted with 𝑂 ion, 𝑆_𝐵𝐶𝑒𝑂, 
𝑆_𝐶𝑒𝑂, 𝑆_𝐵𝑂 and 𝑆_𝑂 are implanted with 1𝑥1012 𝑐𝑚−2 of 𝑂 at 60 𝐾𝑒𝑉. Table 20 shows the 
summary of the samples used in this experiment. 
𝑺_ 
 
 
 
 
 
Sample's 
name 
B implant 
(𝒄𝒎−𝟐) 
𝑩 anneal (°𝑪/
𝒎𝒊𝒏) 
𝑪𝒆 implant 
(𝒄𝒎−𝟐) 
𝑶 implant 
(𝒄𝒎−𝟐) 
𝑪𝒆 anneal (°𝑪/
𝒎𝒊𝒏) 
𝑩𝑪𝒆 1𝑥1015 − 1𝑥1013 − 850/1 
𝑩𝑪𝒆𝑶 1𝑥1015 − 1𝑥1013 1𝑥1012 850/1 
𝑪𝒆 − − 1𝑥1013 − 850/1 
𝑪𝒆𝑶 − − 1𝑥1013 1𝑥1012 850/1 
𝑩𝑶 1𝑥1015 − − 1𝑥1012 − 
𝑶 − − − 1𝑥1012 850/1 
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Table 20: The sample details of 𝐶𝑒 ions implanted in n-type 𝑆𝑖 [1 0 0] substrate used in this experiment. The 
sample fabrication is in order from left to right. All 𝐵, 𝐶𝑒 and 𝑂 implantation are done at 30 𝑘𝑒𝑉, 400 𝑘𝑒𝑉 
and 65 𝑘𝑒𝑉. 
Experiment results 
 
  
  
Figure 110: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for 𝐵𝐶𝑒, 𝐵𝐶𝑒𝑂, 𝐶𝑒, 𝐶𝑒𝑂, 𝑂 and 𝐵𝑂 
samples where each sample is fabricated differently. The samples are excited using 200 𝑚𝑊 of 532 𝑛𝑚 laser at 
80 𝐾 of sample temperature. Only 𝐵𝐶𝑒 and 𝐵𝐶𝑒𝑂 samples give luminescence around the 𝐶𝑒 regions 
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(1300 𝑛𝑚 –  2200 𝑛𝑚) while 𝐶𝑒, 𝐶𝑒𝑂 and 𝑂 sample only gives luminescence around the 𝑆𝑖 region 
(1000 𝑛𝑚 –  1200 𝑛𝑚).  
 
Figure 111: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝑆_𝐵𝐶𝑒 which is excited using 
200 𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 80 𝐾 up to 300 𝐾. The sample is 
implanted with  1013 𝑐𝑚−2 of 𝐶𝑒 ion without any co-doping with 𝑂. Emission peaks around 1127.5 𝑛𝑚 (𝑆𝑖), 
1393.0 𝑛𝑚, 1448.5 𝑛𝑚, 1900.0 𝑛𝑚 and 1915.0 𝑛𝑚 (𝐶𝑒) are observed. Highlighted in yellow is the temperature 
which gave the highest intensity in this experiment. 
 
Figure 112: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝑆_𝐵𝐶𝑒𝑂 which is excited 
using 200 𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 80 𝐾 up to 300 𝐾. The sample is 
implanted with  1013 𝑐𝑚−2 of 𝐶𝑒 ion co-doped with 𝑂2. Emission peaks around 1127.5 𝑛𝑚 (𝑆𝑖), 1393.0 𝑛𝑚, 
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1448.5 𝑛𝑚, 1900.0 𝑛𝑚 and 1915.0 𝑛𝑚 (𝐶𝑒) are observed. Highlighted in yellow is the temperature which gave 
the highest intensity in this experiment. 
 
  
Figure 113: Graph of 𝑎) peak intensity (𝑎. 𝑢.) and 𝑏) integrated intensity (𝑎. 𝑢.) vs sample temperature (𝐾) on 
sample 𝑆_𝐵𝐶𝑒 and 𝑆_𝐵𝐶𝑒𝑂 which is excited using 200𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures 
ranging from 80 𝐾 to 300 𝐾. Figure 𝑎) is focused on the emission peaks around 1393 𝑛𝑚 and 1448.5 𝑛𝑚 (𝐶𝑒). 
Figure 𝑏) shows the integration of the whole spectrum from 1000 𝑛𝑚 to 2200 𝑛𝑚 at each temperature. 
Luminescence intensity at around 1393 𝑛𝑚 gives highest intensity at lower sample temperature for both samples. 
The lines are connected between data points.  
  
Figure 114: Graph of luminescence peaks position (𝑛𝑚) vs. sample temperature (𝐾) on sample 𝑆_𝐵𝐶𝑒 and 
𝑆_𝐵𝐶𝑒𝑂 which is excited using 200𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 80 𝐾 
to 300 𝐾. The figure is focus on the emission peaks around 1393.0 𝑛𝑚 and 1448.5 𝑛𝑚 (𝐶𝑒). 
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Figure 110 shows the 𝑃𝐿 spectra from collected sample 𝑆_𝐵𝐶𝑒, 𝑆_𝐵𝐶𝑒𝑂, 𝑆_𝐶𝑒, 𝑆_𝐶𝑒𝑂, 
𝑆_𝐵𝑂 and 𝑆_𝑂 samples within 1000 𝑛𝑚 to 2200 𝑛𝑚 wavelength measured at 80 𝐾 
temperature. The spectra collected show that bright 𝐶𝑒-related luminescence is emitted from 
sample 𝑆_𝐵𝐶𝑒 which is implanted with 𝐵 and 𝐶𝑒 and from sample 𝑆_𝐵𝐶𝑒𝑂 which is implanted 
with 𝐵, 𝐶𝑒 and 𝑂 while a weak luminescence at 1127 𝑛𝑚 is emitted from sample 𝑆_𝐶𝑒, 𝑆_𝐶𝑒𝑂, 
and 𝑆_𝐵𝑂 and a bright luminescence at 1127 𝑛𝑚 is emitted from sample 𝑆_𝑂 which is 
implanted with only 𝑂. 
 
Figure 111 and figure 112 show 𝑃𝐿 spectra collected from the 2 samples which are able 
to emit bright 𝐸𝑢-related luminescence 𝑆_𝐵𝐶𝑒 and 𝑆_𝐵𝐶𝑒𝑂 at different temperatures ranging 
from 80 𝐾 up to 300 𝐾. At 80 𝐾 there are at 1393 𝑛𝑚 and 1448.5 𝑛𝑚 plus 2 smaller peaks 
at 1900 𝑛𝑚 and 1915 𝑛𝑚 which can be observed from both samples. At 180 𝐾 and above, all 
the 2 main 𝐶𝑒-related peaks quenched and become part of the broader spectrum ranging 
from 1350 𝑛𝑚 to 1800 𝑛𝑚 while the 2 smaller peaks are lost at temperature of 160 𝐾. The 
𝑃𝐿 spectrum is almost fully quenched above 260 𝐾 of temperature and no 𝐶𝑒-related 
luminescence can be observed at room temperature. 
 
 
Figure 113 shows the luminescence intensity of the main 𝐶𝑒-related peaks, 1393 𝑛𝑚 
and 1448.5 𝑛𝑚 and the integrated intensity from both 𝑆_𝐵𝐶𝑒 and 𝑆_𝐵𝐶𝑒𝑂 sample against 
temperature. The luminescence intensity peak at  1393 𝑛𝑚 and 1448 𝑛𝑚 is very bright at 80 𝐾 
temperature but the luminescence intensity quenches slowly as the temperature increases. The 
luminescence intensity emitted from 𝑆_𝐵𝐶𝑒𝑂 sample is slightly higher than the luminescence 
intensity from the 𝑆_𝐵𝐶𝑒 sample at 80 𝐾 of temperature but as temperature increases the 
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luminescence intensity from the 𝑆_𝐵𝐶𝑒𝑂 sample quench at higher rate compared to 𝑆_𝐵𝐶𝑒 
sample. The rate of luminescence quenching as temperature rises is approximately the same 
between both samples with and without co-implantation of 𝑂 ion. 
  
Figure 114 shows the peak position for the main 𝐶𝑒-related luminescence peaks from 
both 𝑆_𝐵𝐶𝑒 and 𝑆_𝐵𝐶𝑒𝑂 samples against temperature. The peaks position red-shifted linearly 
as the temperature increases with the peak position only shifting slightly between temperatures 
and the peak positions for both of the samples are approximately the same. 
 
Summary 
In summary, the 𝐶𝑒-related luminescence between 1300 𝑛𝑚 to 2200 𝑛𝑚 can be 
observed from 𝐶𝑒 implanted sample with dislocation loops introduced with or without the co-
implantation of 𝑂 ion. The 𝐶𝑒-related luminescence intensity peaks from sample 𝑆_𝐵𝐶𝑒𝑂 
which is co-implanted with 𝑂 are slightly brighter compare to sample 𝐵𝐶𝑒 which is not co-
implanted with 𝑂 at 80 𝐾 of temperature but both of the sample luminescence quenches at 
higher temperature at similar rate.  
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5.2.7 Post-annealing Temperature Dependent on Bulk and SOI devices 
The aim of this experiment is to study the 𝑃𝐿 spectrum from how 𝐶𝑒 samples fabricated 
on two different platforms, Silicon on Oxide (𝑆𝑂𝐼) and bulk 𝑆𝑖 which are post annealed at 
different temperatures ranging from 700 °𝐶 up to 900 °𝐶. The temperature of the samples is 
maintained at 80 𝐾 and are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser. The measurements are 
taken from 1000 𝑛𝑚 up to 1800 𝑛𝑚 of wavelength.  
Sample Details  
Two sets of samples are used for this experiment, the 1𝑠𝑡 set of samples is fabricated 
on 𝑆𝑂𝐼 and the 2𝑛𝑑 set is fabricated on bulk 𝑆𝑖. Both sets of samples are pre-implanted with 
1.6𝑥1015𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and pre-annealed at 950 °𝐶 for 90 𝑠𝑒𝑐 and post-implanted 
at 1𝑥1013  of 𝐶𝑒 at 400 𝐾𝑒𝑉. Each sample in each set of samples is post-annealed at different 
temperatures, the samples are post-annealed at 700 °𝐶, 725 °𝐶, 750 °𝐶, 775 °𝐶, 800 °𝐶, 
825 °𝐶, 850 °𝐶, 875 °𝐶 and 900 °𝐶 for 1 𝑚𝑖𝑛. Both 𝐵 and 𝐶𝑒 are implanted at room 
temperature. Table 21 shows the summary of the samples used in this experiment. 
𝑺_ - SOI samples 
   
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑪𝒆 implant (𝒄𝒎−𝟐) 𝑪𝒆 anneal (°𝑪/𝒎𝒊𝒏) 
𝟕𝟎𝟎 1𝑥1015 950/1.5 1𝑥1013 𝟕𝟎𝟎/𝟏 
𝟕𝟐𝟓 1𝑥1015 950/1.5 1𝑥1013 𝟕𝟐𝟓/𝟏 
𝟕𝟓𝟎 1𝑥1015 950/1.5 1𝑥1013 𝟕𝟓𝟎/𝟏 
𝟕𝟕𝟓 1𝑥1015 950/1.5 1𝑥1013 𝟕𝟕𝟓/𝟏 
𝟖𝟎𝟎 1𝑥1015 950/1.5 1𝑥1013 𝟖𝟎𝟎/𝟏 
𝟖𝟐𝟓 1𝑥1015 950/1.5 1𝑥1013 𝟖𝟐𝟓/𝟏 
𝟖𝟓𝟎 1𝑥1015 950/1.5 1𝑥1013 𝟖𝟓𝟎/𝟏 
𝟖𝟕𝟓 1𝑥1015 950/1.5 1𝑥1013 𝟖𝟕𝟓/𝟏 
𝟗𝟎𝟎 1𝑥1015 950/1.5 1𝑥1013 𝟗𝟎𝟎/𝟏 
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𝑩_ - Bulk samples 
   
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝑪𝒆 implant (𝒄𝒎−𝟐) 𝑪𝒆 anneal (°𝑪/𝒎𝒊𝒏) 
𝟕𝟎𝟎 1𝑥1015 950/1.5 1𝑥1013 𝟕𝟎𝟎/𝟏 
𝟕𝟐𝟓 1𝑥1015 950/1.5 1𝑥1013 𝟕𝟐𝟓/𝟏 
𝟕𝟓𝟎 1𝑥1015 950/1.5 1𝑥1013 𝟕𝟓𝟎/𝟏 
𝟕𝟕𝟓 1𝑥1015 950/1.5 1𝑥1013 𝟕𝟕𝟓/𝟏 
𝟖𝟎𝟎 1𝑥1015 950/1.5 1𝑥1013 𝟖𝟎𝟎/𝟏 
𝟖𝟐𝟓 1𝑥1015 950/1.5 1𝑥1013 𝟖𝟐𝟓/𝟏 
𝟖𝟓𝟎 1𝑥1015 950/1.5 1𝑥1013 𝟖𝟓𝟎/𝟏 
𝟖𝟕𝟓 1𝑥1015 950/1.5 1𝑥1013 𝟖𝟕𝟓/𝟏 
𝟗𝟎𝟎 1𝑥1015 950/1.5 1𝑥1013 𝟗𝟎𝟎/𝟏 
Table 21: List of 𝐶𝑒 ion implanted on 𝑆𝑂𝐼 and Bulk 𝑆𝑖 samples with different post-annealing temperature ranging 
from 700 °𝐶 up to 900 °𝐶 with increment 25 °𝐶 between each samples. All the samples are pre-implanted at 
30𝑘𝑒𝑉 and post-implanted at 400𝑘𝑒𝑉. 
Experiment results 
 
Figure 115: Graph of luminescence intensity (𝑎. 𝑢. ) vs. wavelength (𝑛𝑚) on 𝑆𝑂𝐼 samples post-annealed with 
different temperatures ranging from 700 °𝐶 up to 900 °𝐶 with 25 °𝐶 increment between samples. The samples 
are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 80 𝐾 of sample temperature. Emission peak for 𝐶𝑒 is observed 
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around 1393𝑛𝑚 and 1450𝑛𝑚. The sample which is post-annealed at 775 °𝐶 (light green line) give the best 
luminescence around 1.06𝑎. 𝑢 at 1450𝑛𝑚.  
 
Figure 116: Graph of luminescence intensity (𝑎. 𝑢. ) vs. wavelength (𝑛𝑚) on 𝐵𝑢𝑙𝑘 samples post-annealed with 
different temperatures ranging from 700 °𝐶 up to 900 °𝐶 with 25 °𝐶 increment between samples. The samples 
are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 80𝐾 of sample temperature. Emission peak for 𝐶𝑒 is observed 
around 1393 𝑛𝑚, 1450 𝑛𝑚 with 2 small peaks around 1900 𝑛𝑚. The sample which is post-annealed at 750 °𝐶 
(dark blue line) give the best luminescence around 3.57 𝑎. 𝑢 at 1393 𝑛𝑚.  
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Figure 117: Comparison graph of luminescence intensity (𝑎. 𝑢. ) vs. wavelength (𝑛𝑚) on 𝑆𝑂𝐼 samples (left side) 
and 𝐵𝑢𝑙𝑘 samples (right side) post-annealed with different temperatures ranging from 700 °𝐶 up to 900 °𝐶 with 
25 °𝐶 increment between samples shown separately. The samples are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 
80 𝐾 of sample temperature. The graphs circled in red shows the best luminescence for each platform. 
 
 
Figure 118: Graphs of intensity vs post-annealing temperature on 𝑆𝑂𝐼 and 𝐵𝑢𝑙𝑘 samples. The sample with 775 °𝐶 
post-annealed temperature gave the best luminescence around 1.06 𝑎. 𝑢 for 𝑆𝑂𝐼 set of samples while the sample 
with 750 °𝐶 post-annealed temperature gave the best luminescence around 3.57 𝑎. 𝑢 for Bulk set of samples. The 
samples are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 80 𝐾 of sample temperature. The lines are connected 
between data points.  
 
1000 1200 1400 1600 1800 2000 2200
0.00
0.25
0.50
0.75
1.00
1.25
1.50
In
te
ns
ity
 (a
.u
.)
Wavelength (nm)
 825 C
1000 1200 1400 1600 1800 2000 2200
0
1
2
3
4
In
te
ns
ity
 (a
.u
.)
Wavelength (nm)
 825 C
1000 1200 1400 1600 1800 2000 2200
0.00
0.25
0.50
0.75
1.00
1.25
1.50
In
te
ns
ity
 (a
.u
.)
Wavelength (nm)
 850 C
1000 1200 1400 1600 1800 2000 2200
0
1
2
3
4
In
te
ns
ity
 (a
.u
.)
Wavelength (nm)
 850 C
1000 1200 1400 1600 1800 2000 2200
0.00
0.25
0.50
0.75
1.00
1.25
1.50
In
te
ns
ity
 (a
.u
.)
Wavelength (nm)
 875 C
1000 1200 1400 1600 1800 2000 2200
0
1
2
3
4
In
te
ns
ity
 (a
.u
.)
Wavelength (nm)
 875 C
1000 1200 1400 1600 1800 2000 2200
0.00
0.25
0.50
0.75
1.00
1.25
1.50
In
te
ns
ity
 (a
.u
.)
Wavelength (nm)
 900 C
1000 1200 1400 1600 1800 2000 2200
0
1
2
3
4
Cerium - Bulk
In
te
ns
ity
 (a
.u
.)
Wavelength (nm)
 900 C
Cerium - SOI
700 725 750 775 800 825 850 875 900
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
In
te
n
s
it
y
 (
a
.u
.)
Post-Annealing Temperature (°C)
 1393 nm
 1450 nm
700 725 750 775 800 825 850 875 900
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
In
te
n
s
it
y
 (
a
.u
.)
Post-Annealing Temperature (°C)
 1127 nm
 1393 nm
 1450 nm
𝑆𝑂𝐼 𝐵𝑢𝑙𝑘 
  
192 CHAPTER 5 - CERIUM DOPED IN SILICON 
Figure 115 and figure 116 show the 𝑃𝐿 spectra collected at 80 𝐾 from 𝑆𝑂𝐼 and bulk 
samples which are post-annealed at different temperatures ranging from 700 °𝐶 to 900 °𝐶. 
Figure 117 shows the individual spectrum from each samples at different post-annealed 
temperature. The brightest sample is circled in red at 775 °𝐶 of annealing temperature for 𝑆𝑂𝐼 
sample and at 750 °𝐶 of annealing temperature for bulk sample. There are 2 main sharp 𝐶𝑒-
related luminescence peaks at 1393 𝑛𝑚 and 1450 𝑛𝑚 and 2 small luminescence peaks at 
1900 𝑛𝑚 and 1915 𝑛𝑚 imposed on a broader spectrum which can be observed from both bulk 
and 𝑆𝑂𝐼 samples. The PL spectra collected from 𝑆𝑂𝐼 samples are far lower in intensity and 
higher in noise compare to the 𝑃𝐿 spectra collected from bulks sample. The peak intensity at 
1393 𝑛𝑚 is lower than the peak intensity at 1450 𝑛𝑚 in the 𝑆𝑂𝐼 sample while the peak 
intensity at 1393 𝑛𝑚 is higher than the peak intensity at 1450 𝑛𝑚 in the bulk sample. 
 
Figure 118 shows the intensity for the main 𝐶𝑒-related luminescence peaks at 1393 𝑛𝑚 
and 1450 𝑛𝑚 from the 𝑆𝑂𝐼 and bulk samples against different post-annealing temperature 
ranges from 700 °𝐶 to 900 °𝐶. The main peaks intensity from the 𝑆𝑂𝐼 samples increase and 
decrease slightly as the post-annealing temperature increases from 700 °𝐶 to 750 °𝐶 then 
increase again to its highest intensity at 775 °𝐶 of post annealing temperature, the intensity 
then drops as the post-annealing temperature increase to 900 °𝐶. The main peak intensity from 
the bulk samples decrease and increase again to its highest intensity as the post-annealing 
temperature increases from 700 °𝐶 to 750 °𝐶 then decreases again at 775 °𝐶 and drop 
drastically at 800 °𝐶, the peaks intensity increases again drastically at 825 °𝐶 but the intensity 
continues to quench as the post-annealing temperature increase above 825 °𝐶. The smaller 
peaks appeared from the bulk samples does not affected significantly by the post-annealing 
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temperatures. The bulk sample which was post-annealed at 800 °𝐶 has approximately the same 
intensity as the bulk sample which was post-annealed at 875 °𝐶. 
 
Summary 
The results collected show that the samples which are fabricated on the 𝑆𝑂𝐼 substrate 
give lower 𝐶𝑒-related emission compared to emission given by the samples fabricated in the 
bulk 𝑆𝑖. The 𝐶𝑒-related emissions are highly dependent on the sample’s post-annealing 
temperature where the brightest bulk sample emitted from the sample which is post-annealed 
at 750 °𝐶 with approximately 3 times higher luminescence intensity than the luminescence 
intensity emitted from brightest 𝑆𝑂𝐼 sample which is post-annealed at 775 °𝐶.  
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5.3 ELECTROLUMINESCENCE 
5.3.1 Temperature Dependent  
The aims of this experiment are to demonstrate the capabilities of the previously studied 
sample on 𝑃𝐿 setup to give luminescence by means of electrical current injection using 𝐸𝐿 
setup and to study the 𝐸𝐿 spectra from the samples at different temperatures ranging from 
80 𝐾 up to 300 𝐾. The samples used in this experiment are the brightest and the least bright 
samples fabricated and studied using 𝑃𝐿 setup. The samples are injected with 25 𝑚𝐴 of 
electrical current under forward bias at current density of 2𝐴/𝑐𝑚2. The measurements are 
taken from 1000 𝑛𝑚 up to 1800 𝑛𝑚 of wavelength.  
Sample Details  
The 2 samples used in this experiment are the same samples used in experiment 5.2.3. 
The 1𝑠𝑡 sample is a bright sample 𝐶𝑒3_𝐻 which is not pre-annealed while the 2𝑛𝑑 sample is a 
weak sample 𝐶𝑒3_𝐸 which is pre-annealed at 950 °𝐶 for 20 𝑚𝑖𝑛. Both samples are pre-
implanted with 1𝑥1015𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉, post-implanted at 1𝑥1013 of 𝐶𝑒 doses at 
400 𝐾𝑒𝑉 and post-annealed at 800 °𝐶 for 1 𝑚𝑖𝑛. Both 𝐵 and 𝐶𝑒 are implanted at room 
temperature. Table 22 shows the summary of the samples used in this experiment. 
 
 𝑪𝒆𝟑_ - Bulk samples 
   
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (𝑪/𝒎𝒊𝒏) 𝑪𝒆 implant (𝒄𝒎−𝟐) 𝑪𝒆 anneal (𝑪/𝒎𝒊𝒏) 
𝑯 1𝑥1015 − 1𝑥1013 800/1 
𝑬 1𝑥1015 𝟗𝟓𝟎/𝟐𝟎 𝒎𝒊𝒏 1𝑥1013 800/1 
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Table 22: The details of 𝐶𝑒 ion implanted in 𝑆𝑖 samples used in this experiment. 𝐶𝑒3_𝐻 and 𝐶𝑒3_𝐸 is the strong 
and weak sample from experiment 5.2.3. All the samples are pre-implanted at 30 𝑘𝑒𝑉 and post-implanted at 
400 𝑘𝑒𝑉. 
Experiment results 
 
Figure 119: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝐶𝑒3_𝐻 which is supplied 
with 25𝑚𝐴 of current at different sample temperatures ranging from 80𝐾 up to 300 𝐾. The sample is pre-
implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 ion at 30 𝑘𝑒𝑉, pre-annealed at 950 °𝐶, post-implanted with  1𝑥1013 𝑐𝑚−2 of 
𝐶𝑒 ion at 400 𝑘𝑒𝑉 and post-annealed at 800 °𝐶 for 1 𝑚𝑖𝑛. Emission peaks around 1127 𝑛𝑚 (𝑆𝑖), 1393 𝑛𝑚  and 
1448 𝑛𝑚 (𝐶𝑒) are observed. Measurements are made from 1000 𝑛𝑚 up to 2200 𝑛𝑚. The highest intensity is 
recorded at 80 𝐾 temperature. 
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Figure 120: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝐶𝑒3_𝐸 which is supplied with 
25 𝑚𝐴 of current at different sample temperatures ranging from 80 𝐾 up to 300 𝐾. The sample is pre-implanted 
with 1𝑥1015 𝑐𝑚−2 of 𝐵 ion at 30 𝑘𝑒𝑉, pre-annealed at 950 °𝐶 for 20 𝑚𝑖𝑛, post-implanted with  1𝑥1013 𝑐𝑚−2 
of 𝐶𝑒 ion at 400 𝑘𝑒𝑉 and post-annealed at 800 °𝐶 for 1 𝑚𝑖𝑛. Emission peaks around 1127 𝑛𝑚 (𝑆𝑖), 1393 𝑛𝑚 
 and 1448 𝑛𝑚 (𝐶𝑒) are observed. Measurements are made from 1000 𝑛𝑚 up to 2200 𝑛𝑚. The highest intensity 
is recorded at 80 𝐾 temperature. 
 
      
Figure 121: Graphs of 𝑎) intensity (𝑎. 𝑢.) vs sample temperature (𝐾) and 𝑏) integrated intensity (𝑎. 𝑢.) vs sample 
temperature (𝐾) from sample 𝐶𝑒3_𝐻. The sample is injected with 25 𝑚𝐴 of current at different sample 
temperatures ranging from 80 𝐾 to 300 𝐾. The lines are connected between data points. 
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Figure 122: Graphs of 𝑎) intensity (𝑎. 𝑢.) vs sample temperature (𝐾) and 𝑏) integrated intensity (𝑎. 𝑢.) vs sample 
temperature (𝐾) from sample 𝐶𝑒3_𝐸. The sample is injected with 25 𝑚𝐴 of current at different sample 
temperatures ranging from 80 𝐾 to 300 𝐾. The lines are connected between data points. 
 
Figure 119 and figure 120 show the 𝐸𝐿 spectra collected from the 𝐶𝑒3_𝐻 and 𝐶𝑒3_𝐸 at 
different temperatures ranging from 80 𝐾 up to 300 𝐾. Similar 𝐶𝑒-related emission spectrum 
to the 𝑃𝐿 spectra collected in the previous experiments can be observed when excited 
using 𝐸𝐿 setup. There are 2 main 𝐶𝑒-related luminescence peaks at 1393 𝑛𝑚 and 1448 𝑛𝑚 
and other small peaks which can be observed between 1900 𝑛𝑚 and 2200 𝑛𝑚 at 80 𝐾 but 
these small peaks disappear at temperature above 80 𝐾 of temperature. As temperature 
increases to 160 𝐾, the 2 main 𝐶𝑒-related luminescence peaks at 1393 𝑛𝑚 and 1448 𝑛𝑚 from 
both sample start to weaken and become part of the broad luminescence 
between 1300 𝑛𝑚 to 1800 𝑛𝑚.  
 
Figure 121 and figure 122 show the main peaks intensities and the integrated 
luminescence intensity from sample 𝐶𝑒3_𝐻 and 𝐶𝑒3_𝐸 against temperature ranging 
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from 80 𝐾 up to 300 𝐾. The luminescence intensity from both samples quenches as the 
temperature increases. The intensity quenches linearly between 80 𝐾 to 200 𝐾 where the 
intensity maintain to almost fully quench above 200 𝐾. The intensity peak at 1393 𝑛𝑚 is 
slightly higher than the intensity peak at 1448 𝑛𝑚 at 80 𝐾 of temperature but as temperature 
increases the 1393 𝑛𝑚 intensity peak quenches faster than the intensity peak at 1448 𝑛𝑚. 
 
Summary 
In summary, the experiments demonstrate that the 𝐷𝐸𝐿𝐸𝐷 𝑆𝑖 sample implanted with 
𝐶𝑒 ion is able to give bright 𝐶𝑒-related luminescence intensity via electrical current injection. 
Strong emission can be observed at 1393 𝑛𝑚 and 1448 𝑛𝑚 but the intensity quenches as the 
temperature increases and is almost fully quenched at 200 𝐾 of temperature and above. 
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5.4 CHAPTER SUMMARY 
The 𝑃𝐿 and 𝐸𝐿 results collected from 𝐶𝑒 doped in 𝑆𝑖 samples show strong 𝐶𝑒-related 
luminescence between 1350 𝑛𝑚 to 1700 𝑛𝑚 which consists of very bright, sharp and narrow 
luminescence peaks at 1400 𝑛𝑚 (0.886 𝑒𝑉) and 1440 𝑛𝑚 (0.861 𝑒𝑉) and a number of smaller 
luminescence peaks observed at 1411 𝑛𝑚 (0.879 𝑒𝑉), 1432 𝑛𝑚 (0.866 𝑒𝑉), 1470 𝑛𝑚 
(0.843 𝑒𝑉), 1500 𝑛𝑚 (0.827 𝑒𝑉), 1900 𝑛𝑚 (0.653 𝑒𝑉) and 1915 𝑛𝑚 (0.647 𝑒𝑉). Most of 
the smaller peaks can be observed below 100 𝐾 of temperature as the luminescence peaks 
intensity decreases with temperature but the 2 main peaks at 1400 𝑛𝑚 and 1440 𝑛𝑚 are able 
to give high luminescence intensity up to 160 𝐾 of temperature using both 𝑃𝐿 and 𝐸𝐿 setups. 
 
The 𝐶𝑒-related luminescence peaks intensity are strongly dependent on the presence of 
the dislocation loops which are introduced and engineered via 𝐵 pre-implantation and pre-
annealing condition, 𝐶𝑒 post-implantation dose and temperature, and post-annealing 
temperature. The optimum fabrication conditions for the 𝐶𝑒 doped in 𝑆𝑖 to gain bright 𝐶𝑒-
related luminescence peaks intensity established in this chapter are summarized below: 
 
1. Pre-implanted with 1𝑥105 𝑐𝑚−2 of 𝐵 ion. 
2. No pre-annealing treatment. 
3. Post-implanted with 1𝑥1013 𝑐𝑚−2 of 𝐶𝑒 ion at room temperature   
4. Post-annealed between  750 °𝐶 to 775 °𝐶 of temperature for 1 𝑚𝑖𝑛. 
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The 𝐶𝑒-related luminescence peak intensity increases slightly when co-implanted with 𝑂 
but no significant improvement in reduction of quenching rate with increasing of sample 
temperature is seen. The 𝐶𝑒-related luminescence peaks can be observed from 𝑆𝑖: 𝐵&𝐶𝑒 
samples fabricated on 𝑆𝑂𝐼 at 80 𝐾 of temperature even though the luminescence intensity is 
more than 2 times lower than emission from bulk sample. 
 
𝐸𝐿 experiments demonstrate the capabilities of the 𝐶𝑒 doped 𝑆𝑖 𝐷𝐸𝐿𝐸𝐷 samples to emit 
high luminescence intensity via electrical injection.  Even though the luminescence quenches 
slowly as temperature increases but further optimization of the dislocation loops might be able 
to eliminate the quenching effect for room temperature operation.
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6. YTTERBIUM DOPED IN SILICON 
6.1 INTRODUCTION  
This chapter presents the experimental 𝑃𝐿 and 𝐸𝐿 results conducted on 𝑌𝑏 doped in 𝑆𝑖 
samples. The experiments aim to optimize the sample fabrication conditions to achieve the 
optimum luminescence intensity. This chapter is divided into 3 sections of 𝑃𝐿 experiments, 𝐸𝐿 
experiments and the conclusion of the experiments findings. The 𝑃𝐿 experiments includes 
studying the 𝑃𝐿 spectra from 𝐸𝑢 doped in 𝑆𝑖 samples with and without dislocation loops 
introduced, with and without pre-annealing treatments, at different pre-annealing time, at 
different 𝑌𝑏 post-implantation dose and temperature, at different post-annealing temperature, 
with and without co-implantation of 𝑂 and fabricated on different platforms. The 𝐸𝐿 
experiments demonstrate the capabilities of the 𝑌𝑏 doped in 𝑆𝑖 𝐷𝐸𝐿𝐸𝐷 device to operate via 
injection of electrical currents at different temperatures. 
 
 For each experiment, the aim is explained including the parameters used for the 
experiment. Then follows with the fabrication details of the samples used in the experiment 
which are summarized in table form. The following section highlights the 𝑃𝐿 and 𝐸𝐿 spectra 
collected from the experiment. The experimental results are summarized to highlight the main 
findings at the end of each experiment. 
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6.2 PHOTOLUMINESCENCE 
6.2.1 Silicon Doped with 𝒀𝒃 with and without Dislocation Loops 
The aim of this experiment is to study the luminescence spectrum of the 𝑌𝑏 ion 
implanted into bulk 𝑆𝑖 samples with and without dislocation loops introduced into the sample. 
The temperature of the sample is maintained at 80 𝐾 and the sample is excited using 200 𝑚𝑊 
of 532 𝑛𝑚 laser. The measurements are taken from 1000 𝑛𝑚 up to 1700 𝑛𝑚 of wavelength.  
Sample Details  
2 samples are used in this experiment, sample 𝑆_𝑌𝑏 has no dislocation loops introduced 
while sample 𝑆_𝐵𝑌𝑏 has dislocation loops introduced via 𝐵 implantation. Both 𝑆_𝑌𝑏 and 
𝑆_𝐵𝑌𝑏 sample are implanted with 5𝑥1013 𝑐𝑚−2 of 𝑌𝑏 ions at 400 𝐾𝑒𝑉 which is followed by 
post annealing at 850°𝐶 for 5 𝑚𝑖𝑛. The 𝑆_𝐵𝑌𝑏 sample is pre-implanted with 1𝑥1015 𝑐𝑚−2 of 
𝐵 ions at 30 𝐾𝑒𝑉  and pre-annealed at 950 °𝐶 for 90 𝑠𝑒𝑐 to introduce and form the dislocation 
loops. Both 𝐵 and 𝑌𝑏 are implanted at room temperature. Table 23 shows the summary of the 
samples used in this experiment. 
 
𝑺_ 
 
 
  
Sample's name B implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝒀𝒃 implant (𝒄𝒎−𝟐) 𝒀𝒃 anneal (°𝑪/𝒎𝒊𝒏) 
𝒀𝒃 − − 5𝑥1013 850/5 
𝑩𝒀𝒃 𝟏𝒙𝟏𝟎𝟏𝟓 𝟗𝟓𝟎/𝟏. 𝟓 5𝑥1013 850/5 
Table 23: The sample details of 𝑌𝑏 ions implanted in n-type 𝑆𝑖 [1 0 0] substrate used in this experiment. The 
sample fabrication is in order from left to right. All the samples are pre-implanted at 30 𝑘𝑒𝑉 and post-implanted 
at 400 𝑘𝑒𝑉.  
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Experiment results 
  
Figure 123: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) on 𝑌𝑏 doped 𝑆𝑖 samples with dislocation 
loop present (𝐵𝑌𝑏) and without any dislocation loop present (𝑌𝑏). The samples are excited using 532 𝑛𝑚 laser at 
200 𝑚𝑊 at 80 𝐾 of sample temperature. Emission peaks at 1127 𝑛𝑚 (𝑆𝑖), 1295 𝑛𝑚 and 1336 𝑛𝑚 (𝑌𝑏) are 
observed from the 𝐵𝑌𝑏 sample while only emission peaks at 1127 𝑛𝑚 (𝑆𝑖) is observed from the 𝑌𝑏 sample. 
 
Figure 123 shows the 2 𝑃𝐿 spectra collected from the sample 𝑆_𝑌𝑏 which is implanted 
with 𝑌𝑏 only without any dislocation loop introduced and from the sample 𝑆_𝐵𝑌𝑏 which is 
implanted with 𝐵 to introduced dislocation loop and 𝑌𝑏 at 80 𝐾 of temperature. The 
𝑆_𝑌𝑏 sample only gives a small luminescence peak at 1127 𝑛𝑚 (1.1 𝑒𝑉) while 𝑆_𝐵𝑌𝑏 sample 
shows luminescence between 1250 𝑛𝑚 and 1650 𝑛𝑚 which consist of 2 main sharp and 
narrow peaks at 1295 𝑛𝑚 (0.957 𝑒𝑉) and 1336 𝑛𝑚 (0.928 𝑒𝑉) apart from the same small 
luminescence peak at 1127 𝑛𝑚. The luminescence between 1250 𝑛𝑚 and 1650 𝑛𝑚 is 
attributed to the 𝑌𝑏-related luminescence, the energy transition of the 𝑌𝑏-related luminescence 
peaks will be discussed in more detail in the discussion chapter (chapter 7). 
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Summary 
The 𝑃𝐿 spectra collected show that the 𝑌𝑏-related luminescence between 1250 𝑛𝑚 and 
1650 𝑛𝑚 is strongly dependent on the presence of dislocation loops in the sample through the 
implantation of 𝐵 ion as the 𝑌𝑏-related luminescence can only be observed in the sample which 
is pre-implanted with 𝐵. The peaks observed from both 𝑃𝐿 spectra are summarized in table 24. 
 
 
 
Table 24: List of luminescence peaks observed at 80 𝐾 of temperature from 𝑃𝐿 spectra collected from both sample 
𝑆_𝑌𝑏 which is implanted with 𝑌𝑏 only without any dislocation loop introduced and from the sample 𝑆_𝐵𝑌𝑏 which 
is implanted with 𝐵 to introduce dislocation loops. In bold are the main bright and sharp 𝑌𝑏-related luminescence 
peaks. 
 
 
 
  
Sample 𝑺_𝒀𝒃 𝑺_𝑩𝒀𝒃 
Luminescence 
Peak 
1127 𝑛𝑚 (1.1 𝑒𝑉) 1127 𝑛𝑚 (1.1 𝑒𝑉) 
 𝟏𝟐𝟗𝟓 𝒏𝒎 (𝟎. 𝟗𝟓𝟕 𝒆𝑽) 
 𝟏𝟑𝟑𝟔 𝒏𝒎 (𝟎. 𝟗𝟐𝟖 𝒆𝑽) 
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6.2.2 𝒀𝒃 Ions Implantation Dose and Pre-Annealing Condition Dependent 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝑌𝑏 implanted into 𝑆𝑖 samples 
with different 𝑌𝑏 implantation dose and with and without pre-annealing treatment. The 𝑌𝑏 ion 
is implanted at different doses ranging between 1𝑥1012 𝑐𝑚−2 to 1𝑥1014 𝑐𝑚−2. Pre-annealing 
treatment is the subsequent annealing process after the implantation of the 𝐵 ion into the 
sample to repair the lattice damage and to engineer the dislocation loops. The temperature of 
the sample is maintained at 80 𝐾 and the sample is excited using 100 𝑚𝑊 of 532 𝑛𝑚 laser. 
The measurements are taken from 1000 𝑛𝑚 up to 1700 𝑛𝑚 of wavelength.  
Sample Details  
2 sets of samples are used in this experiment, the 1𝑠𝑡 set (𝑌𝑏1) is pre-annealed at 950°𝐶 
for 90 𝑠𝑒𝑐 while the 2𝑛𝑑 set (𝑌𝑏2) is not pre-annealed after 𝐵 implantation. In each set there 
are 6 samples, sample 𝐴, 𝐵, 𝐶 and 𝐷 are post-implanted at  1𝑥1012, 1𝑥1013 , 5𝑥1013 and 
1𝑥1014 𝑐𝑚−2 of 𝑌𝑏 doses at 400 𝐾𝑒𝑉, while 𝐸 and 𝐹 sample are post-implanted at  1014 𝑐𝑚−2 
of 𝑌𝑏 doses at 400 𝐾𝑒𝑉 at different implantation temperature of 400 °𝐶  and 200 °𝐶. All the 
samples are pre-implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and post-annealed at 850 °𝐶 
for 1 𝑚𝑖𝑛. Table 25 shows the summary of the samples used in this experiment. 
𝒀𝒃𝟏_ 
   
Sample's name 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝒀𝒃 implantation dose (𝒄𝒎−𝟐) 𝒀𝒃 implantation energy (𝒌𝒆𝑽) 
𝑨 950𝐶/1.5 𝟏𝒙𝟏𝟎𝟏𝟐 400 
𝑩 950𝐶/1.5 𝟏𝒙𝟏𝟎𝟏𝟑 400 
𝑪 950𝐶/1.5 𝟓𝒙𝟏𝟎𝟏𝟑  400 
𝑫 950𝐶/1.5 𝟏𝒙𝟏𝟎𝟏𝟒 400 
𝑬 950𝐶/1.5 1𝑥1014 𝟒𝟎𝟎 (𝟐𝟎𝟎 °𝑪) 
𝑭 950𝐶/1.5 1𝑥1014 𝟒𝟎𝟎 (𝟒𝟎𝟎 °𝑪) 
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𝒀𝒃𝟐_ 
   
Sample's name 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝒀𝒃 implantation dose (𝒄𝒎−𝟐) 𝒀𝒃 implantation energy (𝒌𝒆𝑽) 
𝑨 − 𝟏𝒙𝟏𝟎𝟏𝟑 400 
𝑩 − 𝟏𝒙𝟏𝟎𝟏𝟐 400 
𝑪 − 𝟏𝒙𝟏𝟎𝟏𝟒 400 
𝑫 − 𝟓𝒙𝟏𝟎𝟏𝟑 400 
𝑬 − 1𝑥1014 𝟒𝟎𝟎 (𝟐𝟎𝟎 °𝑪) 
𝑭 − 1𝑥1014 𝟒𝟎𝟎 (𝟒𝟎𝟎 °𝑪) 
Table 25: List of 𝑌𝑏 ion implanted in 𝑆𝑖 samples with different 𝑌𝑏 implantation dose and pre-annealing condition. 
All samples are pre-implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and post-annealed at 850 °𝐶 for 1 𝑚𝑖𝑛. 
 
Experiment results 
 
Figure 124: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for different 𝑌𝑏 ions implantation dose 
for the set of samples with pre-annealing treatment (1𝑠𝑡  set). The implantation dose ranges from 1012 
to 1014 𝑐𝑚−2. The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample temperature. Emission 
peaks at 1127 𝑛𝑚 (𝑆𝑖), 1295 𝑛𝑚 and 1333 𝑛𝑚 (𝑌𝑏) are observed. Highlighted in yellow is the sample optimum 
dose which gave highest luminescence intensity. 
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Figure 125: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for different 𝑌𝑏 ions implantation dose 
for the set of samples without any pre-annealing treatment (2𝑛𝑑  set). The implantation dose ranges from 1012 
to 1014 𝑐𝑚−2. The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample temperature. Emission 
peaks at 1127 𝑛𝑚 (𝑆𝑖), 1295 𝑛𝑚 and 1333 𝑛𝑚 (𝑌𝑏) is observed. Highlighted in yellow is the sample optimum 
dose which gave highest luminescence intensity at 1400 𝑛𝑚. 
 
Figure 126: Graph of Intensity vs. 𝑌𝑏 ion implantation dose for 𝑆𝑖 peak and 2 main 𝑌𝑏 peaks for 1𝑠𝑡 and 2𝑛𝑑 set 
of samples. The lines are connected between data points. Graph of Intensity (𝑎. 𝑢.) vs 𝑌𝑏 ion implantation dose 
(𝑐𝑚−2) for 𝑆𝑖 peak (1127 𝑛𝑚) and 2 main 𝑌𝑏 peaks (1295 and 1333 𝑛𝑚) for samples with pre-annealing 
treatment (1𝑠𝑡  set) and without any pre-annealing treatment (2𝑛𝑑 set). The implantation dose ranges from 1012 
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to 1014 𝑐𝑚−2. The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample temperature. The 
sample with  5𝑥1013 𝑐𝑚−2 of 𝑌𝑏 ion implanted from the 1𝑠𝑡  set of samples gives high luminescence intensity 
(around 16 𝑎. 𝑢). The lines are connected between data points. 
 
 
Figure 127: Graph of integrated intensity (𝑎. 𝑢.) vs. 𝑌𝑏 ion implantation dose (𝑐𝑚−2) for 3 different spectral 
regions for samples with pre-annealed (1𝑠𝑡  set) and without any pre-annealing treatment (2𝑛𝑑 set). The 𝑆𝑖 region 
covers from 1000 to 1196 𝑛𝑚, from 1196 to 1700 𝑛𝑚 is the 𝑌𝑏 region and 1000 to 1700 𝑛𝑚 is the total region. 
The implantation dose ranges from 1012 to 1014 𝑐𝑚−2. The samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 
at 80 𝐾 of sample temperature. The sample with  5𝑥1013 𝑐𝑚−2 of 𝑌𝑏 ion implanted from the 1𝑠𝑡  set of samples 
gives high luminescence intensity. The lines are connected between data points. 
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Figure 128: Graph of Intensity (𝑎. 𝑢.) vs 𝑌𝑏 ion implantation temperature (°𝐶) for 2 main 𝑌𝑏 peaks (1295 
and 1333 𝑛𝑚) from samples with pre-annealing treatment (𝑌𝑏1 set) and without any pre-annealing treatment 
(𝑌𝑏2 set) with 1014 𝑐𝑚−2 of 𝐶𝑒 implantation dose implanted at room temperature, 200 °𝐶 and 400 °𝐶. The 
samples are excited using 532 𝑛𝑚 laser at 100 𝑚𝑊 at 80 𝐾 of sample temperature. The luminescence intensity 
is similar to the sample post-implanted at room temperature and at 400 °𝐶 but decreases in intensity when post-
implanted at 200 °𝐶. The lines are connected between data points. 
 
Figure 124 and figure 125 show the 𝑃𝐿 spectra collected at 80 𝐾 of temperature from 
𝑌𝑏1 sample set which is pre-annealed after the 𝐵 implantation and from 𝑌𝑏2 sample set which 
is not pre-annealed after the 𝐵 implantation. Both set of samples are post-implanted at different 
𝑌𝑏 implantation dose ranging from 1𝑥1012 𝑐𝑚−2 to 1𝑥1014 𝑐𝑚−2, 2 of the samples from each 
set (𝐸 and 𝐹) are implanted with  1𝑥1014 𝑐𝑚−2 of 𝑌𝑏 implantation dose at 200°𝐶  and 400°𝐶 
of implantation temperature. There are 2 main 𝑌𝑏-related luminescence peaks at 1295 𝑛𝑚 
and 1333 𝑛𝑚 and 2 smaller luminescence peaks at 1358 𝑛𝑚 and 1418 𝑛𝑚 imposed on a 
broad spectrum between 1250 𝑛𝑚 and 1600 𝑛𝑚 and 1 𝑆𝑖 peak at 1127 𝑛𝑚 which can be 
observed from both 𝑌𝑏1 and 𝑌𝑏2 set of sample. 
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Figure 126 and figure 127 show the intensity for the 2 main 𝑌𝑏-related luminescence 
peaks and the integrated luminescence intensity from 𝑌𝑏1 and 𝑌𝑏2 samples against the increase 
of 𝑌𝑏 ions implantation dose ranging from 1𝑥1012 𝑐𝑚−2 to 1𝑥1014 𝑐𝑚−2. The luminescence 
peaks intensity and the integrated intensity from both 𝑌𝑏1 and 𝑌𝑏2 samples increase as the 𝑌𝑏 
ions implantation dose increases from 1𝑥1012 𝑐𝑚−2 to 1𝑥1013 𝑐𝑚−2 but the intensity from 
𝑌𝑏1 sample keep increasing dramatically as the 𝑌𝑏 ions implantation dose increases from 
1𝑥1013 𝑐𝑚−2 to 5𝑥1013 𝑐𝑚−2 and reaches its highest intensity while the intensity from sample 
𝑌𝑏2 is maintained. The luminescence intensity from both 𝑌𝑏1 and 𝑌𝑏2 samples decreases as 
the 𝑌𝑏 ions implantation dose increases from 5𝑥1013 𝑐𝑚−2 to 1𝑥1014 𝑐𝑚−2. The 
luminescence peaks intensity from 𝑌𝑏1 at its optimum 𝑌𝑏 ions implantation dose which is at 
5𝑥1013 𝑐𝑚−2 is approximately 4 times higher compare to the luminescence peaks intensity 
from 𝑌𝑏2 post-implanted at the same 𝑌𝑏 ions implantation dose. The 𝑆𝑖 peak does not show 
any significant change as the 𝑌𝑏 implantation dose increases. 
 
Figure 128 shows the 2 main 𝑌𝑏-related luminescence intensity peaks from sample 𝑌𝑏1 
and 𝑌𝑏2 which is post-implanted with  1𝑥1014 𝑐𝑚−2 of 𝑌𝑏 ions at room temperature, 
200 °𝐶 and 400 °𝐶 of post-implantation temperature. The luminescence intensity emitted from 
sample 𝑌𝑏1 is higher than luminescence intensity emitted from sample 𝑌𝑏2 at all 3 post-
implantation temperatures. The luminescence intensity from 𝑌𝑏1 sample decreases when post-
implanted at 200 °𝐶 but the luminescence intensity increases again when the sample is 
implanted at 400 °𝐶 while the low luminescence peaks intensity emitted from sample 𝑌𝑏2 does 
not change significantly as the post-implantation temperature increases.  
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Summary 
The results collected show that the 𝑌𝑏-related luminescence intensity from the sample 
is strongly dependent on the dose of 𝑌𝑏 ions implanted into the sample, the implantation 
temperature of 𝑌𝑏 ions and the pre-annealing condition of the sample. The sample with highest 
luminescence intensity is emitted from the sample with pre-annealing treatment and post-
implanted with 5𝑥1013 𝑐𝑚−2 of 𝑌𝑏 implantation dose at about 4 times higher in intensity 
compared to the sample with sample post-implantation dose without any pre-annealing 
treatments. Results also show that sample which is post-implanted with 1𝑥1014 𝑐𝑚−2 of 𝑌𝑏 is 
able to emit higher luminescence intensity when post-implanted at room temperature 
and 400°𝐶. 
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6.2.3 Pre-annealing Time Dependent 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝑌𝑏 implanted into 𝑆𝑖 samples 
which are pre-annealed at different times. The samples are pre-annealed from 1 𝑚𝑖𝑛 up to 
60 𝑚𝑖𝑛 with one sample not pre-annealed at all. The temperature of the sample is maintained 
at 80 𝐾 and the sample is excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser. The measurements are taken 
from 1000 𝑛𝑚 up to 1700 𝑛𝑚 of wavelength.  
Sample Details  
The samples are pre-implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and pre-annealed at 
950°𝐶 for different durations, sample 𝑌𝑏3_𝐴, 𝐵, 𝐶, 𝐷, 𝐸, 𝐹 and 𝐺 are pre-annealed for 
1, 2, 5, 10, 20, 40 and 60 minutes while sample 𝑌𝑏3_𝐻 is not pre-annealed.  All the samples 
are post-implanted at 5𝑥1013  of 𝑌𝑏 at 400 𝐾𝑒𝑉 and post-annealed at 800 °𝐶 for 1 𝑚𝑖𝑛. Both 
𝐵 and 𝑌𝑏 are implanted at room temperature. Table 26 shows the summary of the samples used 
in this experiment. 
𝒀𝒃𝟑_ 
    
Sample's name B implant (𝒄𝒎−𝟐) B anneal (°𝑪/𝒎𝒊𝒏) 𝒀𝒃 implant (𝒄𝒎−𝟐) 𝑬𝒖 anneal (°𝑪/𝒎𝒊𝒏) 
𝑨 1𝑥1015 𝟗𝟓𝟎/𝟏 5𝑥1013 800/1 
𝑩 1𝑥1015 𝟗𝟓𝟎/𝟐 5𝑥1013 800/1 
𝑪 1𝑥1015 𝟗𝟓𝟎/𝟓 5𝑥1013 800/1 
𝑫 1𝑥1015 𝟗𝟓𝟎/𝟏𝟎 5𝑥1013 800/1 
𝑬 1𝑥1015 𝟗𝟓𝟎/𝟐𝟎 5𝑥1013 800/1 
𝑭 1𝑥1015 𝟗𝟓𝟎/𝟒𝟎 5𝑥1013 800/1 
𝑮 1𝑥1015 𝟗𝟓𝟎/𝟔𝟎 5𝑥1013 800/1 
𝑯 1𝑥1015 − 5𝑥1013 800/1 
Table 26: The details of 𝑌𝑏 ion implanted in 𝑆𝑖 samples used in this experiment. All the samples are pre-implanted 
with at 30 𝑘𝑒𝑉 and post-implanted at 400 𝑘𝑒𝑉. The samples vary on the pre-implantation time ranging between 
1 𝑚𝑖𝑛 up to 60 𝑚𝑖𝑛. 
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Experiment results 
 
Figure 129: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) result from sample 𝑌𝑏3 at different pre-
annealed time ranging from 0 up to 60 𝑚𝑖𝑛. The sample is excited using 50𝑚𝑊 of 532𝑛𝑚 laser at 80𝐾 of sample 
temperature. 
 
 
Figure 130: Graph of 𝑎) intensity (𝑎. 𝑢.) and 𝑏) integrated intensity (𝑎. 𝑢.) against different pre-annealing time 
ranging from 1 𝑚𝑖𝑛 up to 60 𝑚𝑖𝑛. The samples are excited using 532 𝑛𝑚 laser at 50 𝑚𝑊 at 80 𝐾 of sample 
temperature. The samples with 1 𝑚𝑖𝑛 of pre-annealing time gives high luminescence intensity at 1331 𝑛𝑚. The 
lines are connected between data points. 
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Figure 129 shows the 𝑃𝐿 spectra collected at 80 𝐾 of temperature from 𝐶𝑒3 sample set 
which were pre-annealed for 1, 2, 5, 10, 20, 40 and 60 𝑚𝑖𝑛 with one sample not pre-annealed. 
There are 2 sharp main 𝑌𝑏-related luminescence peaks and 1 smaller peak observed 
at 1295 𝑛𝑚, 1331 𝑛𝑚 and 1355 𝑛𝑚 which are imposed on a broader spectrum ranging from 
1250 𝑛𝑚 to 1550 𝑛𝑚.   
 
Figure 130 shows the luminescence intensity and the integrated luminescence intensity 
for the 3 main 𝑌𝑏-related luminescence peaks and 𝑆𝑖 peak against different pre-annealing time 
ranging from 0 up to 60 𝑚𝑖𝑛𝑠. Bright luminescence intensity emitted from the sample which 
is not pre-annealed and the luminescence intensity increases to its highest intensity as the 
sample is pre-annealed to 1 𝑚𝑖𝑛. The luminescence decreases rapidly as the pre-annealing time 
increases from 1 𝑚𝑖𝑛 to 20 𝑚𝑖𝑛 where the luminescence intensity reaches its lowest emission 
and maintain its low emission as the sample’s pre-annealing time increase to 60 𝑚𝑖𝑛. 
 
Summary 
In summary, the 𝑌𝑏-related luminescence is highly dependent with the sample pre-
annealing condition. The highest luminescence intensity emitted from sample which is pre-
annealed for 1 𝑚𝑖𝑛 and the luminescence intensity decreases as pre-annealing time increases.  
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6.2.4 Temperature Dependent 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝑌𝑏 implanted into 𝑆𝑖 at 
different sample temperatures. The measurements are done from 20 𝐾 up to 300 𝐾 using 
150𝑚𝑊 of 532 𝑛𝑚 laser and measured from 1000 𝑛𝑚 up to 1700 𝑛𝑚 of wavelength.  
 
Sample Details  
The sample used in this experiment is pre-implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 
with no pre-annealing treatment, post-implanted with 5𝑥1013  of 𝑌𝑏 at 400 𝐾𝑒𝑉 and post-
annealed at 950 °𝐶 for 90 𝑠𝑒𝑐. Both 𝐵 and 𝑌𝑏 are implanted at room temperature. Table 27 
shows the summary of the samples used in this experiment.  
 
𝒀𝒃𝟐_ 
    
Sample's name B implant (𝒄𝒎−𝟐) B anneal (𝑪/𝒎𝒊𝒏) 𝒀𝒃 implant (𝒄𝒎−𝟐) 𝒀𝒃 anneal (𝑪/𝒎𝒊𝒏) 
𝑩 1𝑥1015 𝟗𝟓𝟎/𝟏. 𝟓 5𝑥1013 850/5 
𝑪 1𝑥1015 𝟗𝟓𝟎/𝟏. 𝟓 5𝑥1013 850/1 
Table 27: The details of 𝑌𝑏 ion implanted in 𝑆𝑖 sample used in this experiment, the samples are pre-implanted at 
30 𝑘𝑒𝑉 and post-annealed at 400 𝑘𝑒𝑉. 
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Experiment results 
 
Figure 131: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝑌𝑏2_𝐵 which is excited using 
150 𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 20 𝐾 up to 80 𝐾. The sample is 
implanted with  5𝑥1013 𝑐𝑚−2 of 𝑌𝑏 ion with pre-annealing treatment. Emission peaks around 1127 𝑛𝑚 
(𝑆𝑖), 1294 𝑛𝑚, 1330 𝑛𝑚, 1415 𝑛𝑚, 1427 𝑛𝑚 and 1465 𝑛𝑚 (𝑌𝑏) are observed. The highlighted in yellow is 
showing the best sample temperature which gave the highest intensity in this experiment. 
 
Figure 132: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝑌𝑏2_𝐶 which is excited using 
200 𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 80 𝐾 up to 300 𝐾. The sample is 
implanted with  5𝑥1013 𝑐𝑚−2 of 𝑌𝑏 ion with pre-annealing treatment. Emission peaks around 1129 𝑛𝑚 
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(𝑆𝑖), 1297 𝑛𝑚 and 1336 𝑛𝑚, (𝑌𝑏) are observed. The red circle is showing the best sample temperature which 
gave the highest intensity in this experiment. 
   
Figure 133: Graph of intensity (𝑎. 𝑢.) vs sample temperature (𝐾). The sample is excited using 532 𝑛𝑚 laser at 
different sample temperatures ranging from 20 𝐾 to 300 𝐾. Luminescence intensity at around 1427.5 𝑛𝑚 (pink 
line) gives highest intensity at lower sample temperature. The lines are connected between data points. 
  
Figure 134: Graph of integrated intensity (𝑎. 𝑢.) vs. sample temperature (𝐾). The black line is the integrated 
intensity for 𝑆𝑖 region while the red line is for the 𝑌𝑏 region and the blue line is the total integrated intensity from 
1000𝑛𝑚 until 1700𝑛𝑚. Most of the luminescence is coming from 𝑌𝑏 ions. The lines are connected between data 
points. 
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Figure 135: Graph of luminescence peaks position (𝑛𝑚) vs. sample temperature (𝐾). All 6 luminescence peaks 
hardly shift with increasing temperature as the sample temperature drops below 80𝐾. The lines are connected 
between data points. 
 
Figure 131 shows the luminescence spectra from 𝑌𝑏2_𝐵 sample on different temperatures 
ranging from 20𝐾 up to 80𝐾 which was cooled down using liquid Helium. Figure 132 shows 
the luminescence spectra from 𝑌𝑏2_𝐵 sample on different temperatures ranging from 80𝐾 up 
to 300𝐾 which was cooled down using liquid Nitrogen. The graphs in Figure 131 and figure 
132 are not combined into one graphs to make the luminescence spectrum easier to be 
distinguished and provide better colour division for each individual spectrum. There are 3 sharp 
𝑌𝑏-related luminescence peaks at 1330 𝑛𝑚, 1415 𝑛𝑚 and 1427 𝑛𝑚 and 2 smaller peaks at 
1294 𝑛𝑚 and 1465 𝑛𝑚 can be observed below 60 𝐾 of temperature in figure 131 but most of 
the peaks quenches rapidly and disappear at higher temperature. In figure 132 the 𝑌𝑏-related 
luminescence peaks at 1297 and 1336 can still be observed at sample temperature at 80 K to 
140 K. 
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Figure 133 shows the luminescence intensity for all 5 main luminescence peaks from the 
sample against temperature ranging from 20 𝐾 to 300 𝐾. The luminescence intensity from 
the 1427 𝑛𝑚 peaks is very bright at 20 𝐾 but quenches rapidly with temperature and is almost 
completely quenched at 80 𝐾. The peak intensity at 1415 𝑛𝑚 increases as temperature 
increases from 20 𝐾 to 30 𝐾 but then quenches rapidly as the temperature increases further and 
starts to lose its peak at 70 𝐾. The small peak intensity at 1465 𝑛𝑚 quenches slowly as 
temperature increases. The peak intensity at 1330 𝑛𝑚 quenches slowly as the temperature 
increases and maintains its peak up to 120 𝐾 of temperature. The intensity peak at 1294 𝑛𝑚 is 
very low at 20 𝐾 but the intensity increases as the temperature increases from 40 𝐾 to 80 𝐾 of 
temperature and then slowly quenches together with the 1330 𝑛𝑚 peak. 
 
Figure 134 shows the integrated luminescence intensity from sample 𝑌𝑏2_𝐵 against 
temperature ranging from 20 𝐾 to 300 𝐾. The total integrated intensity slowly increases as 
temperature increases from 20 𝐾 to 40 𝐾 due to the increasing of luminescence intensity 
around 1415 𝑛𝑚 within this range of temperature, even though there is a rapid quenching of 
the luminescence peak at 1427 𝑛𝑚 but this peak is too narrow to contribute to significant 
changes in the integrated intensity compare to the luminescence peak at 1415 𝑛𝑚. The 
integrated intensity slowly decreases from 40 𝐾 to 70 𝐾 and starts to increase again 
from 80 𝐾 up to 100𝐾 the second increase in integrated intensity is due to the increase of 
luminescence intensity of the peak at 1294.0 nm. 
 
Figure 135 shows the peak position for the 6 main peaks from sample (𝑌𝑏2_𝐵) against 
temperature ranging from 20 𝐾 up to 300 𝐾. The peak position at 1465 𝑛𝑚 is blue-shifted as 
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temperature increases from 40 𝐾 to 60 𝐾. The peak position for the 6 main peaks remain 
constant from 20 𝐾 up to 60 𝐾 before starting to red shift slowly as temperature increases 
above 70 𝐾. The peak positions red shift more as the temperature increases towards room 
temperature. The shifting of peak position is related to the decrease of 𝑆𝑖 𝐸𝑔 with temperature 
as the 𝑆𝑖 𝐸𝑔 is temperature dependent. As the 𝑆𝑖 and both 𝑌𝑏 peaks originated from 𝑆𝑖 band 
edge transition (𝑆𝑖𝐶𝐵), therefore as the 𝑆𝑖𝐶𝐵 decreases with temperature the energy transition 
between the band edge to the 𝑆𝑖𝑉𝐵 and 𝑌𝑏′𝑠 𝐹5/2
2  and 𝐹7/2
2 also decrease which caused the 
luminescence peak to red shift. 
 
Summary 
In summary, overall luminescence intensity quenches as temperature rises. Emission peaks 
appear at around 1127.5 𝑛𝑚 (𝑆𝑖), 1294.0 𝑛𝑚, 1330 𝑛𝑚, 1415.5 𝑛𝑚, 1427.5 𝑛𝑚 and 
1456.5 𝑛𝑚 (𝑌𝑏). The features of the main 𝑌𝑏-related luminescence peaks are very bright and 
can be clearly observed at very low temperature but most of the peaks quenches and loses their 
peaks into a broader spectrum at 80 𝐾 and only 2 luminescence peaks are still visible up 
to 120 𝐾. no 𝐶𝑒-related luminescence can be observed at room temperature. The luminescence 
peak positions are red-shifted as temperature increases. 
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6.2.5 Co-Doping with 𝑶 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝑆𝑖 samples implanted with 
different combinations of 𝐵, 𝑌𝑏 and 𝑂 ion dopant. All of the samples have been measured at 
80 𝐾 of temperature but higher intensity samples have been measured at varied temperature 
ranging from 80 𝐾 up to 300𝐾. The sample is excited using 200 𝑚𝑊 of 532 𝑛𝑚 laser. The 
measurements are taken from 1000 𝑛𝑚 up to 1700 𝑛𝑚 of wavelength.  
Sample Details  
The 𝑆𝑖 samples are implanted with 6 different combinations of 𝐵, 𝐸𝑢 and 𝑂 ion dopant 
and they are 𝑆𝑖: 𝐵: 𝑌𝑏 (𝑆_𝐵𝑌𝑏), 𝑆𝑖: 𝐵: 𝑌𝑏: 𝑂 (𝑆_𝐵𝑌𝑏𝑂), 𝑆𝑖: 𝐶𝑒 (𝑆_𝑌𝑏), 𝑆𝑖: 𝑌𝑏: 𝑂 (𝑆_𝑌𝑏𝑂), 
𝑆𝑖: 𝐵: 𝑂 (𝑆_𝐵𝑂) and 𝑆𝑖: 𝑂 (𝑆_𝑂). Samples implanted with 𝐵 ion,  𝑆_𝐵𝑌𝑏, 𝑆_𝐵𝑌𝑏𝑂 and 𝑆_𝐵𝑂 
are pre-implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉. Samples implanted with 𝑌𝑏 ion, 𝑆_𝐵𝑌𝑏, 
𝑆_𝐵𝑌𝑏𝑂, 𝑆_𝑌𝑏 and 𝑆_𝑌𝑏𝑂 are post-implanted with 5𝑥1013 𝑐𝑚−2 of 𝑌𝑏 at 400 𝐾𝑒𝑉 and post-
annealed at 850 °𝐶 for 1 𝑚𝑖𝑛. Samples implanted with 𝑂2 ion, 𝑆_𝐵𝑌𝑏𝑂, 𝑆_𝑌𝑏𝑂, and 𝑆_𝑂 are 
implanted with 6.2𝑥1013 𝑐𝑚−2 of 𝑂 at 50 𝐾𝑒𝑉 except for sample 𝑆_𝐵𝑂 which is implanted 
with 1𝑥1012 𝑐𝑚−2 of 𝑂 at 65 𝐾𝑒𝑉. Table 28 shows the summary of the samples used in this 
experiment. 
𝑺_ 
 
 
 
 
 
Sample's 
name 
B implant 
(𝒄𝒎−𝟐) 
𝑩 anneal (°𝑪/
𝒎𝒊𝒏) 
𝒀𝒃 implant 
(𝒄𝒎−𝟐) 
𝑶 implant 
(𝒄𝒎−𝟐) 
𝒀𝒃 anneal (°𝑪/
𝒎𝒊𝒏) 
𝑩𝒀𝒃 1𝑥1015 950/1.5 5𝑥1013 − 850/1 
𝑩𝒀𝒃𝑶 1𝑥1015 950/1.5 5𝑥1013 6.2𝑥1013 850/1 
𝒀𝒃 − − 5𝑥1013 − 850/1 
𝒀𝒃𝑶 − − 5𝑥1013 6.2𝑥1013 850/1 
𝑩𝑶 1𝑥1015 − − 1𝑥1012 − 
𝑶 − − − 6.2𝑥1013 850/1 
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Table 28: The sample details of 𝑌𝑏 ions implanted in n-type 𝑆𝑖 [1 0 0] substrate used in this experiment. The 
sample fabrication is in order from left to right. All 𝐵, 𝐶𝑒 and 𝑂 implantation are done at 30 𝑘𝑒𝑉, 400 𝑘𝑒𝑉 
and 65 𝑘𝑒𝑉. 
Experiment results 
 
 
  
Figure 136: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for 𝐵𝑌𝑏, 𝐵𝑌𝑏𝑂, 𝑌𝑏, 𝑌𝑏𝑂, 𝑂 and 𝐵𝑂 
samples where each sample is fabricated differently. The samples are excited using 200 𝑚𝑊 of 532 𝑛𝑚 laser at 
80 𝐾 of sample temperature. Only 𝐵𝑌𝑏 and 𝐵𝑌𝑏𝑂 samples give luminescence around the 𝑌𝑏 regions 
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(1300 𝑛𝑚 –  2200 𝑛𝑚) while 𝑌𝑏, 𝑌𝑏𝑂, 𝑂 and 𝐵𝑂 sample only gives luminescence around the 𝑆𝑖 region 
(1000 𝑛𝑚 –  1200 𝑛𝑚). 
 
Figure 137: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝑆_𝐵𝑌𝑏 which is excited using 
200 𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 80 𝐾 up to 300 𝐾. The sample is 
implanted with  6.2𝑥1013 𝑐𝑚−2 of 𝑌𝑏 ion without any co-doping with 𝑂. Emission peaks around 1129 𝑛𝑚 (𝑆𝑖), 
1297 𝑛𝑚, and 1336 𝑛𝑚 (𝑌𝑏) are observed. The red circle is showing the best sample temperature which gave 
the highest intensity in this experiment. 
 
Figure 138: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝑆_𝑌𝑏𝑂 which is excited using 
200𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 80𝐾 up to 300 𝐾. The sample is 
implanted with  6.2𝑥1013 𝑐𝑚−2 of 𝑌𝑏 ion co-doped with 𝑂. Emission peaks around 1295 𝑛𝑚 and 1334 𝑛𝑚 (𝑌𝑏) 
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are observed. The red circle is showing the best sample temperature which gave the highest intensity in this 
experiment. 
 
Figure 139: Graph of intensity (𝑎. 𝑢.) vs sample temperature (𝐾) on sample  𝑆_𝐵𝑌𝑏 and  𝑆_𝑌𝑏𝑂 which is excited 
using 200 𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 80 𝐾 to 300 𝐾. The figure is focus 
on the emission peaks around 1290 𝑛𝑚 and 1330 𝑛𝑚 (𝑌𝑏). Luminescence intensity at around 1393 𝑛𝑚 gives 
highest intensity at lower sample temperature for booth samples. The lines are connected between data points. 
 
Figure 140: Graph of luminescence peaks position (𝑛𝑚) vs. sample temperature (𝐾) on sample 𝑆_𝐵𝑌𝑏 and  𝑆_𝑌𝑏𝑂 
which is excited using 200𝑚𝑊 of 532 𝑛𝑚 laser at different sample temperatures ranging from 80 𝐾 to 300 𝐾. 
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The figure is focused on the emission peaks around 1290 𝑛𝑚 and 1330 𝑛𝑚 (𝑌𝑏). All luminescence peaks shifted 
to longer wavelength with increasing temperature. 
 
Figure 136 shows the 𝑃𝐿 spectra from collected samples 𝑆_𝐵𝑌𝑏, 𝑆_𝐵𝑌𝑏𝑂, 𝑆_𝑌𝑏, 
𝑆_𝑌𝑏𝑂, 𝑆_𝐵𝑂 and 𝑆_𝑂 samples within 1000 𝑛𝑚 to 1700 𝑛𝑚 wavelength measured at 80 𝐾 
temperature. The spectra collected show that bright 𝑌𝑏-related luminescence is emitted from 
sample 𝑆_𝐵𝑌𝑏 which is implanted with 𝐵 and 𝑌𝑏 and from sample 𝑆_𝐵𝑌𝑏𝑂 which is implanted 
with 𝐵, 𝑌𝑏 and 𝑂 while a weak luminescence at 1127 𝑛𝑚 is emitted from sample 𝑆_𝑌𝑏, 
𝑆_𝑌𝑏𝑂, and 𝑆_𝐵𝑂 and a bright luminescence at 1127 𝑛𝑚 is emitted from sample 𝑆_𝑂 which 
is implanted with only 𝑂. 
 
Figure 137 and figure 138 show the luminescence spectra from sample 𝑆_𝐵𝑌𝑏 and 𝑆_𝐵𝑌𝑏𝑂 
at different temperatures ranging from 80 𝐾 up to 300 𝐾. There are 2 main 𝑌𝑏-related 
luminescence peaks that can be observed at 1294 𝑛𝑚 and 1330 𝑛𝑚 from both spectra in figure 
137 and figure 138.  
 
Figure 139 shows the intensity for the 3 main luminescence peaks and small peaks from 
the 𝑆_𝐵𝑌𝑏 and 𝑆_𝐵𝑌𝑏𝑂 samples against different temperatures ranging from 80 𝐾 up to 
300 𝐾. The luminescence intensity from the 𝑆_𝐵𝑌𝑏𝑂 sample is approximately 40 times higher 
than sample 𝑆_𝐵𝑌𝑏, both of the 𝑌𝑏-related luminescence peaks at 1294 𝑛𝑚 and 1330 𝑛𝑚 are 
very bright at 80𝐾 temperature and increases slightly as the temperature increases to 100 𝐾 
but the luminescence quenches as the temperature increases above 100 𝐾. Luminesce intensity 
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quenches slowly and the luminescent peaks disappear and become part of the broad 
luminescence above 120 𝐾. 
 
Figure 140 shows the peak position for all the main peaks from both samples against 
temperature ranging from 80  𝐾 up to 300 𝐾. The peak position red shift slightly as the 
temperature of the sample increases.  
 
Summary 
In summary, the 𝑌𝑏-related luminescence between 1250 𝑛𝑚 to 1650 𝑛𝑚 can be 
observed from 𝑌𝑏 implanted sample with dislocation loops introduced with or without the co-
implantation of 𝑂 ion. The 𝑌𝑏-related luminescence intensity peaks from sample 𝑆_𝐵𝑌𝑏𝑂 
which is co-implanted with 𝑂 are higher in intensity compared to sample 𝐵𝑌𝑏 which is not co-
implanted with 𝑂 at 80 𝐾 of temperature but both of the samples luminescence quenches at 
higher temperature. 
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6.2.6 Post-annealing Temperature Dependent on Bulk and SOI devices 
The aim of this experiment is to study the 𝑃𝐿 spectra from 𝑌𝑏 samples fabricated on 
two different platforms, Silicon on Oxide (𝑆𝑂𝐼) and bulk 𝑆𝑖 which are post annealed at 
different temperatures ranging from 700 °𝐶 up to 900 °𝐶. The temperature of the samples is 
maintained at 80 𝐾 and the samples is excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser. The 
measurements are taken from 1000 𝑛𝑚 up to 1800 𝑛𝑚 of wavelength.  
Sample Details  
Two sets of samples are used for this experiment, the 1𝑠𝑡 set of samples is fabricated 
on 𝑆𝑂𝐼 and the 2𝑛𝑑 set is fabricated on bulk 𝑆𝑖. Both sets of samples are pre-implanted with 
1𝑥1015𝑐𝑚−2 of 𝐵 at 30 𝑘𝑒𝑉 and pre-annealed at 950°𝐶 for 90 𝑠𝑒𝑐 and post-implanted 
at 5𝑥1013  of 𝑌𝑏 at 400 𝐾𝑒𝑉. Each sample in each set of samples is post-annealed at different 
temperatures, the samples are post-annealed at 700 °𝐶, 725 °𝐶, 750 °𝐶, 775 °𝐶, 800 °𝐶, 
825 °𝐶, 850 °𝐶, 875 °𝐶 and 900 °𝐶 for 1 𝑚𝑖𝑛. Both 𝐵 and 𝑌𝑏 are implanted at room 
temperature. Table 28 shows the summary of the samples used in this experiment. 
𝑺_ - SOI samples 
   
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝒀𝒃 implant (𝒄𝒎−𝟐) 𝒀𝒃 anneal (°𝑪/𝒎𝒊𝒏) 
𝟕𝟎𝟎 1𝑥1015 950/1.5 5𝑥1013 𝟕𝟎𝟎/𝟏 
𝟕𝟐𝟓 1𝑥1015 950/1.5 5𝑥1013 𝟕𝟐𝟓/𝟏 
𝟕𝟓𝟎 1𝑥1015 950/1.5 5𝑥1013 𝟕𝟓𝟎/𝟏 
𝟕𝟕𝟓 1𝑥1015 950/1.5 5𝑥1013 𝟕𝟕𝟓/𝟏 
𝟖𝟎𝟎 1𝑥1015 950/1.5 5𝑥1013 𝟖𝟎𝟎/𝟏 
𝟖𝟐𝟓 1𝑥1015 950/1.5 5𝑥1013 𝟖𝟐𝟓/𝟏 
𝟖𝟓𝟎 1𝑥1015 950/1.5 5𝑥1013 𝟖𝟓𝟎/𝟏 
𝟖𝟕𝟓 1𝑥1015 950/1.5 5𝑥1013 𝟖𝟕𝟓/𝟏 
𝟗𝟎𝟎 1𝑥1015 950/1.5 5𝑥1013 𝟗𝟎𝟎/𝟏 
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𝑩_ - Bulk samples 
   
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝒀𝒃 implant (𝒄𝒎−𝟐) 𝒀𝒃 anneal (°𝑪/𝒎𝒊𝒏) 
700 1𝑥1015 950/1.5 5𝑥1013 𝟕𝟎𝟎/𝟏 
725 1𝑥1015 950/1.5 5𝑥1013 𝟕𝟐𝟓/𝟏 
750 1𝑥1015 950/1.5 5𝑥1013 𝟕𝟓𝟎/𝟏 
775 1𝑥1015 950/1.5 5𝑥1013 𝟕𝟕𝟓/𝟏 
800 1𝑥1015 950/1.5 5𝑥1013 𝟖𝟎𝟎/𝟏 
825 1𝑥1015 950/1.5 5𝑥1013 𝟖𝟐𝟓/𝟏 
850 1𝑥1015 950/1.5 5𝑥1013 𝟖𝟓𝟎/𝟏 
875 1𝑥1015 950/1.5 5𝑥1013 𝟖𝟕𝟓/𝟏 
900 1𝑥1015 950/1.5 5𝑥1013 𝟗𝟎𝟎/𝟏 
Table 29: List of 𝑌𝑏 ion implanted on 𝑆𝑂𝐼 and bulk 𝑆𝑖 samples with different post-annealing temperature ranging 
from 700 °𝐶 up to 900 °𝐶 with increments of 25 °𝐶 between each samples. All the samples are pre-implanted at 
30 𝑘𝑒𝑉 and post-implanted at 400 𝑘𝑒𝑉. 
Experiment results 
 
Figure 141: Graph of luminescence intensity (𝑎. 𝑢. ) vs. wavelength (𝑛𝑚) on 𝑆𝑂𝐼 samples post-annealed with 
different temperatures ranging from 700 °𝐶 up to 900 °𝐶 with 25 °𝐶 increments between samples. The samples 
are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 80𝐾 of sample temperature. Emission peak for 𝑌𝑏 is observed 
around 1296 𝑛𝑚 and1334 𝑛𝑚. The sample which is post-annealed at 800 °𝐶 (pink line) give the best 
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luminescence around 4.218 𝑎. 𝑢 at 1336 𝑛𝑚. There is an artifact around 1530 𝑛𝑚 due to the detector become 
saturated at that particular wavelength during the experiment being conducted. 
 
Figure 142: Graph of luminescence intensity (𝑎. 𝑢. ) vs. wavelength (𝑛𝑚) on 𝐵𝑢𝑙𝑘 samples post-annealed with 
different temperatures ranging from 700 °𝐶 up to 900 °𝐶 with 25 °𝐶 increment between samples. The samples 
are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 80 𝐾 of sample temperature. 𝑌𝑏-related emission peaks are observed 
around 1295 𝑛𝑚 and 1336 𝑛𝑚. The sample which is post-annealed at 800 °𝐶 (pink line) give the best 
luminescence around 149.73 𝑎. 𝑢 at 1336 𝑛𝑚. There is an artifact around 1530 𝑛𝑚 due to the detector become 
saturated at that particular wavelength during the experiment being conducted. 
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Figure 143: Comparison graph of luminescence intensity (𝑎. 𝑢. ) vs. wavelength (𝑛𝑚) on 𝑆𝑂𝐼 samples (left side) 
and 𝐵𝑢𝑙𝑘 samples (right side) post-annealed with different temperatures ranging from 700 °𝐶 up to 900 °𝐶 with 
25 °𝐶 increments between samples shown separately. The samples are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 
80 𝐾 of sample temperature. The graphs circled in red shows the best luminescence for each platform. There is 
an artifact around 1530 𝑛𝑚 due to the detector become saturated at that particular wavelength during the 
experiment being conducted. 
 
  
Figure 144: Graphs of intensity vs post-annealing temperature on 𝑆𝑂𝐼 and 𝐵𝑢𝑙𝑘 samples. The sample with 800 °𝐶 
post-annealed temperature gave the best luminescence around 4.218 𝑎. 𝑢. for 𝑆𝑂𝐼 set of samples while the sample 
with 800 °𝐶 post-annealed temperature gave the best luminescence around 149.73 𝑎. 𝑢. for bulk set of samples. 
The samples are excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 80 𝐾 of sample temperature. The lines are connected 
between data points.  
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Figure 141 and figure 142 show the 𝑃𝐿 spectra collected at 80𝐾 from 𝑆𝑂𝐼 and bulk 
samples which are post-annealed at different temperatures ranging from 700 °𝐶 to 900 °𝐶. 
Figure 143 shows the individual spectrum for each sample, on the left side is the luminescence 
spectra from the 𝑆𝑂𝐼 sample while on the right side is the luminescence spectra from the bulk 
sample. The brightest of each 𝑆𝑂𝐼 sample and bulk sample are circled in red at 800°𝐶 of 
annealing temperature. There are 2 main sharp 𝑌𝑏-related luminescence peaks at 1295 𝑛𝑚 and 
1336 𝑛𝑚  and 2 small luminescence peaks at 1358 𝑛𝑚 and 1418 𝑛𝑚 imposed on a broader 
spectrum which can be clearly observed from bulk samples, the same luminescence peaks can 
be observed in the 𝑆𝑂𝐼 sample but the peak intensity is very low. The PL spectra collected 
from 𝑆𝑂𝐼 samples are far lower in intensity and higher in noise compared to the 𝑃𝐿 spectra 
collected from bulk samples. There is an artifact around 1530 nm which is due to the detector 
being saturated by high intensity of this particular wavelength coming from the fluorescent 
light in the lab. 
 
Figure 144 shows the intensity for the main 𝑌𝑏-related luminescence peaks at 1295 𝑛𝑚 
and 1336 𝑛𝑚 from the 𝑆𝑂𝐼 and bulk samples against different post-annealing temperatures 
from 700 °𝐶 to 900 °𝐶. The luminescence intensity from the 𝑆𝑂𝐼 samples changes 
significantly with post-annealing temperature as the signal is very low while the luminescence 
peaks intensity from the bulk samples increases as the post-annealing temperature increases 
from 700°𝐶 until the optimum post-annealed temperature at 800°𝐶 then the intensity reduces 
as the post-annealing temperature increases to 900°𝐶. Both 𝑆𝑂𝐼 and bulk samples emit their 
highest luminescence intensity when the samples are post-annealed at 800°𝐶 of temperature 
with the luminescence peak intensity from the bulk sample approximately 40 times higher than 
the peak intensity from the 𝑆𝑂𝐼 sample 
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Summary 
The results collected show that the samples which are fabricated on the 𝑆𝑂𝐼 substrate 
give lower 𝑌𝑏-related emission compared to emission given by the samples fabricated in the 
bulk 𝑆𝑖. The 𝑌𝑏-related emissions are highly dependent on the sample’s post-annealing 
temperature where the brightest sample is post-annealed at 800 °𝐶 with approximately 40 
times higher luminescence intensity emitted from the bulk sample compared to the 𝑆𝑂𝐼 sample 
post-annealed at the same temperature.  
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6.3 ELECTROLUMINESCENCE 
6.3.1 Temperature Dependent  
The aims of this experiment are to demonstrate the capabilities of the previously studied 
sample on 𝑃𝐿 setup to give luminescence by means of electrical current injection using the 
𝐸𝐿 setup and to study the 𝐸𝐿 spectra from the samples at different temperatures ranging from 
80 𝐾 up to 300 𝐾. The samples used in this experiment are the brightest and the least bright 
samples fabricated and studied using the 𝑃𝐿 setup. The samples are injected with 25 𝑚𝐴 of 
electrical current under forward bias at current density of 2𝐴/𝑐𝑚2. The measurements are 
taken from 1000 𝑛𝑚 up to 1800 𝑛𝑚 of wavelength.  
Sample Details  
2 samples are used in this experiment, the 1𝑠𝑡 sample is a bright sample 𝑌𝑏3_𝐴 which 
is pre-annealed at 950 °𝐶 for 1 𝑚𝑖𝑛 used in the previous PL experiment and the 2𝑛𝑑 sample is 
a less bright sample 𝑌𝑏3_𝐸 which is pre-annealed at 950 °𝐶 for 20 𝑚𝑖𝑛 used in the same 
experiment in section 6.2.3. Both samples are pre-implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 
at 30 𝑘𝑒𝑉, post-implanted at 5𝑥1013 of 𝑌𝑏 doses at 400 𝐾𝑒𝑉 and post-annealed at 800 °𝐶 
for 1 𝑚𝑖𝑛. Both 𝐵 and 𝑌𝑏 are implanted at room temperature. Table 30 shows the summary of 
the samples used in this experiment. 
𝒀𝒃𝟑_ - Bulk samples 
   
Sample's name 𝑩 implant (𝒄𝒎−𝟐) 𝑩 anneal (°𝑪/𝒎𝒊𝒏) 𝒀𝒃 implant (𝒄𝒎−𝟐) 𝒀𝒃 anneal (°𝑪/𝒎𝒊𝒏) 
𝑨 1𝑥1015 𝟗𝟓𝟎/𝟏 𝒎𝒊𝒏 5𝑥1013 800/1 
𝑬 1𝑥1015 𝟗𝟓𝟎/𝟐𝟎 𝒎𝒊𝒏 5𝑥1013 800/1 
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Table 30: The detail of 𝑌𝑏 ion implanted in 𝑆𝑖 samples used in this experiment. 𝑌𝑏3_𝐴 and 𝑌𝑏3_𝐸 is the strong 
and weak sample from experiment 6.2.3. All the samples are pre-implanted at 30 𝑘𝑒𝑉 and post-implanted at 
400 𝑘𝑒𝑉 
Experiment results 
  
Figure 145: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝑌𝑏3_𝐴 which is injected with 
25 𝑚𝐴 of current at different sample temperatures ranging from 80 𝐾 up to 300 𝐾. The sample is pre-implanted 
with 1𝑥1015 𝑐𝑚−2 of 𝐵 ion at 30 𝑘𝑒𝑉, pre-annealed at 950 °𝐶 for 1 𝑚𝑖𝑛, post-implanted with  5𝑥1013 𝑐𝑚−2 of 
𝑌𝑏 ion at 400 𝑘𝑒𝑉 and post-annealed at 800 °𝐶 for 1 𝑚𝑖𝑛. Emission peaks around 1127 𝑛𝑚 (𝑆𝑖), 1295 𝑛𝑚 and 
1336 𝑛𝑚 (𝑌𝑏) are observed. Measurements are taken from 1000 𝑛𝑚 to 1800 𝑛𝑚. Highlighted in yellow shows 
the temperature which gave the brightest luminescence intensity. 
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Figure 146: Graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) for sample 𝑌𝑏3_𝐸 which is supplied 
with 25 𝑚𝐴 of current at different sample temperatures ranging from 80 𝐾 up to 300 𝐾. The sample is pre-
implanted with 1𝑥1015 𝑐𝑚−2 of 𝐵 ion at 30 𝑘𝑒𝑉, pre-annealed at 950 °𝐶 for 20 𝑚𝑖𝑛, post-implanted with 
 5𝑥1013 𝑐𝑚−2 of 𝑌𝑏 ion at 400 𝑘𝑒𝑉 and post-annealed at 800 °𝐶 for 1 𝑚𝑖𝑛. Emission peaks around 
1127 𝑛𝑚 (𝑆𝑖), 1298 𝑛𝑚 and 1336 𝑛𝑚 (𝑌𝑏) are observed. Measurements are taken from 1000 𝑛𝑚 to 1800 𝑛𝑚. 
Highlighted in yellow is the temperature which gave the brightest luminescence intensity. 
 
 
Figure 147: Graphs of 𝑎) intensity (𝑎. 𝑢.) vs sample temperature (𝐾) and 𝑏) integrated intensity (𝑎. 𝑢.) vs sample 
temperature (𝐾) from sample  𝑌𝑏3_𝐴. The sample is injected with 25 𝑚𝐴 of current at different sample 
temperatures ranging from 80 𝐾 to 300 𝐾. The highest 𝑌𝑏-related luminescence intensity and integrated intensity 
is recorded at 120 𝐾 of temperature and the intensity quenches as temperature increases further. The lines are 
connected between data points. 
    
Figure 148: Graphs of 𝑎) intensity (𝑎. 𝑢.) vs sample temperature (𝐾) and 𝑏) integrated intensity (𝑎. 𝑢.) vs sample 
temperature (𝐾) from sample  𝑌𝑏3_𝐸. The sample is injected with 25 𝑚𝐴 of current at different sample 
temperatures ranging from 80 𝐾 to 300 𝐾. The highest 𝑌𝑏-related luminescence intensity and integrated intensity 
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is recorded at 120 𝐾 of temperature and the intensity quenches as temperature increases further. The lines are 
connected between data points. 
 
Figure 145 and figure 146 show the 𝐸𝐿 spectra collected from the 𝑌𝑏3_𝐴 and 𝑌𝑏3_𝐸 at 
different temperatures ranging from 80 𝐾 up to 300 𝐾. Similar 𝑌𝑏-related emission spectra to 
the 𝑃𝐿 spectra collected in the previous experiments can be observed when excited using 
the 𝐸𝐿 setup. There are 1 𝑆𝑖 peak at 1127 𝑛𝑚 and 2 sharp main 𝑌𝑏-related luminescence peaks 
at 1295 𝑛𝑚 and 1336 𝑛𝑚 imposed on a broader spectrum ranging from 1250 𝑛𝑚 to 1550 𝑛𝑚 
observed from both samples. Above 160 𝐾 of temperature, the 2 main peaks at 1295 𝑛𝑚 
and 1334 𝑛𝑚 from both samples start to lose their peaks and become part of the broad 
luminescence between 1250 𝑛𝑚 to 1550 𝑛𝑚.  
 
Figure 147 and figure 148 show the main luminescence peaks intensity (on the left side) 
and the integrated luminescence intensity (on the right side) from sample 𝑌𝑏3_𝐴 and 𝑌𝑏3_𝐸 
against temperature ranging from 80 𝐾 up to 300 𝐾. The luminescence intensity from 𝑌𝑏3_𝐴 
samples increases as the temperature increases from 80 𝐾 to 100 𝐾 then the intensity decreases 
as the temperature increases above 100 𝐾. As the temperature increases to 240 K the 
luminescence intensity decreases to a very low intensity and almost fully quenched and keeps 
on decreasing in intensities slowly as the temperature reaches room temperature at 300 𝐾. The 
2 main 𝑌𝑏-related luminescence peaks intensity from sample 𝑌𝑏3_𝐸 increase slightly as the 
temperature increases from 80 𝐾 to 120 𝐾 then the intensity decreases slowly as the 
temperature increases further and loses both of its peaks as the temperature reaches 160 𝐾.  
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Summary 
In summary, the experiment demonstrates that the 𝐷𝐸𝐿𝐸𝐷 𝑆𝑖 sample implanted with 
𝑌𝑏 ion able to give strong 𝑌𝑏-related luminescence intensity via electrical current injection. 
Strong emission can be observed at 1393 𝑛𝑚 and 1448 𝑛𝑚 but the intensity quenches as the 
temperature increases and is almost fully quenched at 240 𝐾 of temperature and above. 
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6.4 CHAPTER SUMMARY 
 
The 𝑃𝐿 and 𝐸𝐿 results collected from 𝑌𝑏 doped in 𝑆𝑖 samples show strong 𝑌𝑏-related 
luminescence between 1250 𝑛𝑚 to 1650 𝑛𝑚 which consists of very bright, sharp and narrow 
luminescence peaks at 1295 𝑛𝑚 (0.957 𝑒𝑉) and 1335 𝑛𝑚 (0.929 𝑒𝑉) and number of smaller 
luminescence peaks observed at 1316 𝑛𝑚 (0.942 𝑒𝑉), 1358 𝑛𝑚 (0.913 𝑒𝑉), 1418 𝑛𝑚 
(0.874 𝑒𝑉), 1432 𝑛𝑚 (0.866 𝑒𝑉), 1465 𝑛𝑚 (0.846 𝑒𝑉) and 1915 𝑛𝑚 (0.647 𝑒𝑉). The 
luminescence peaks intensity decreases with temperature where most of the smaller peaks 
disappeared above 80 𝐾 of temperature while the 2 main peaks at 1295 𝑛𝑚 and 1335 𝑛𝑚 are 
able to give high luminescence intensity up to 120 𝐾 of temperature using both 𝑃𝐿 and 
𝐸𝐿 setups. 
 
The 𝑌𝑏-related luminescence peaks intensity are strongly dependent on the presence of 
the dislocation loops which are introduced and engineered via 𝐵 pre-implantation and pre-
annealing condition, 𝑌𝑏 post-implantation dose and temperature, and post-annealing 
temperature. The optimum fabrication conditions for the 𝑌𝑏 doped in 𝑆𝑖 to gain bright 𝑌𝑏-
related luminescence peaks intensity established in this chapter are summarized below: 
 
1. Pre-implanted with 1𝑥105 𝑐𝑚−2 of 𝐵 ion. 
2. Pre-annealed at 950°𝐶 for 1 𝑚𝑖𝑛. 
3. Post-implanted with 5𝑥1013 𝑐𝑚−2 of 𝑌𝑏 ion at room temperature   
4. Post annealed at 800°𝐶 of temperature for 1 𝑚𝑖𝑛. 
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The 𝑌𝑏-related luminescence peaks intensity are higher when co-implanted with 𝑂 and 
slight increment of luminescence peaks intensity is observed when sample temperature is 
increase from 80 𝐾 to 100 𝐾 but still quenches at higher temperature. The 𝑌𝑏-related 
luminescence peaks can be observed from 𝑆𝑖: 𝐵&𝑌𝑏 sample fabricated on 𝑆𝑂𝐼 at 80 𝐾 of 
temperature even though the luminescence intensity is more than 2 times lower than emission 
from bulk sample. 
 
𝐸𝐿 experiments demonstrate the capabilities of the 𝑌𝑏 doped 𝑆𝑖 𝐷𝐸𝐿𝐸𝐷 samples to 
emit high luminescence intensity via electrical injection.  Even though the luminescence 
quenches slowly as temperature increases but further optimization of the dislocation loops 
might be able to eliminate the quenching effect for room temperature operation.  
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7. RESULTS DISCUSSION 
In this chapter, the results from chapters 4, 5 and are discussed in detail. The discussion 
firstly covers 𝑃𝐿 and 𝐸𝐿 spectra of each 𝑅𝐸 doped 𝑆𝑖 samples and the novel 𝑆𝑖 band-edge to 
𝑅𝐸 internal energy states transitions. Then the discussion shifts to the dependency of the 
samples emission intensity on different sample fabrication parameters. The sample fabrication 
parameters include the pre-annealing time, post-implantation dose, post-implantation 
temperature, post-annealing temperature, co-implantation with 𝑂 ion and fabrication on the 
𝑆𝑂𝐼 platform. 
 
7.1 EU, CE AND YB DOPED SI EMISSION SPECTRUM 
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Figure 149: Plots of luminescence intensity (𝑎. 𝑢.) vs. wavelength (𝑛𝑚) on 𝑎) 𝐸𝑢, 𝑏) 𝐶𝑒 and 𝑐) 𝑌𝑏 doped 𝑆𝑖 
samples without any dislocation loops introduced and with dislocation loops introduced. The samples are excited 
using 532 𝑛𝑚 laser at 200 𝑚𝑊 at 80 𝐾 of sample temperature. 
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Figure 149 shows the 𝑃𝐿 spectra from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 with and without 
implantation of 𝐵 measured at 80 𝐾 temperature. The implantation of 𝐵 ion into the sample 
serves 2 main purposes, firstly 𝐵 is implanted as dopants to create a 𝑝-type region which will 
form the 𝑝 − 𝑛 junction in between the 𝑝-type and 𝑛-type region. The second purpose is to 
introduce dislocation loops, 𝐵 bombardment during  implantation knocks 𝑆𝑖 atoms out of their 
lattice sites which later through the annealing process will cause aggregation of the excess 𝑆𝑖 
interstitial population and leading to the formation dislocation loops - clusters of one atom thick 
crystalline planes of 𝑆𝑖 atoms [54]. 
 
The 𝑃𝐿 spectra from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 without the implantation of 𝐵 (black solid 
line) shows one small emission peak around 1127 𝑛𝑚 with no other emission peaks that can 
be observed. The small luminescence peak is attribute to the 𝑆𝑖 band edge emission which is 
the emission from the transition between the 𝑆𝑖𝐶𝐵 to 𝑆𝑖𝑉𝐵 and the luminescence wavelength of 
1127 𝑛𝑚 also corresponds to the 𝐸𝑔 between the 𝑆𝑖𝐶𝐵 to 𝑆𝑖𝑉𝐵 of 1.12𝑒𝑉. The 𝑃𝐿 spectra from 
𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 with the implantation of 𝐵 (red solid line) shows additional 
luminescence peaks between 1250 𝑛𝑚 to 1800 𝑛𝑚. There are 2 bright, narrow and sharp main 
luminescence peaks that can be observed from all 3 samples. The bright main luminescence 
peaks can be observed at 1404 𝑛𝑚 and 1444 𝑛𝑚 from 𝑆𝑖: 𝐵&𝐸𝑢 sample, at 1393 𝑛𝑚 and 
1448 𝑛𝑚 from 𝑆𝑖: 𝐵&𝐶𝑒 and at 1295 𝑛𝑚 and 1336 𝑛𝑚 from 𝑆𝑖: 𝐵&𝑌𝑏. 
 
The main luminescence peaks from all 3 samples do not correspond to the 𝑆𝑖 𝐷-line 
defects known around 1526 𝑛𝑚 or 0.812 𝑒𝑉 (𝐷1), 1416 𝑛𝑚 or 0.875 𝑒𝑉 (𝐷2), 1327 𝑛𝑚 or 
0.934 𝑒𝑉 (𝐷3) and 1239 𝑛𝑚 or 1.0 𝑒𝑉 (𝐷4) which could also be produced as a result of 
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interaction between dislocations and impurities in 𝑆𝑖 [60]. Each of the spectral features/shape 
from 𝑆𝑖: 𝐵&𝐸𝑢, 𝑆𝑖: 𝐵&𝐶𝑒 and 𝑆𝑖: 𝐵&𝑌𝑏 are different from 𝑃𝑟, 𝑁𝑑, 𝑆𝑚, 𝐺𝑑, 𝑇𝑏, 𝐷𝑦, 𝐻𝑜, 𝐸𝑟 
and 𝑇𝑚 doped in 𝑆𝑖 studied previously [75]. As shown in the post-implantation dose dependent 
experiments results, the spectral intensity for 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 increases and decreases 
significantly with different 𝑅𝐸𝑠’ implantation dose while maintaining the highly structured 
spectral features/shape. All these suggests that these emissions between 1250 𝑛𝑚 to 1800 𝑛𝑚 
belong to the transitions of the 𝑅𝐸 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 implanted in 𝑆𝑖. Figure 149 also clearly 
shows that the dislocation loops introduced by 𝐵 implantation are very important to enable 
emission from the 𝑅𝐸s implanted in 𝑆𝑖.  
 
These emissions from the 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 are surprising and not expected 
because it is conventionally understood that emission from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 could not take place 
in 𝑆𝑖 as the lowest energy level for 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 internal transitions are higher than the 𝑆𝑖 
band-gap energy. Plus, more surprisingly the emission spectrum from these 𝑅𝐸𝑠 between 
1250 𝑛𝑚 to 1800 𝑛𝑚  are entirely unexpected because it is recorded that conventional devices 
which incorporated 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 ions gives emission in the visible, blue/𝑈𝑉 and close to the 
𝑁𝐼𝑅 part of the electromagnetic spectrum respectively. To the best of the author’s knowledge, 
the emission from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 between 1250 𝑛𝑚 to 1800 𝑛𝑚 have not been reported in 𝑆𝑖.  
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Figure 150: Graphs of luminescence intensity (𝑎. 𝑢. ) at 80 𝐾 against wavelength (𝑛𝑚) from 𝑃𝑟, 𝑁𝑑, 𝑆𝑚, 𝐺𝑑, 
𝑇𝑏, 𝐷𝑦, 𝐻𝑜, 𝐸𝑟 and 𝑇𝑚 doped in 𝑆𝑖 with dislocation loops introduced. The figure is copied from [75] and the 
data is not collected by the author. 
 
Table 31, table 32, and table 33 show 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 main luminescence peaks and its 
correspond transitions recorded in different host materials. All these transitions are the known 
transitions between the internal energy state of the 𝑅𝐸 ions. The lowest internal transitions for  
𝐸𝑢3+ are between 5𝑑 ( 𝐷0
5 ) to the 4𝑓 [ 𝐹7 𝑗  (𝑗 = 0,1,2,3,4,5,6)] energy state around 2 𝑒𝑉 or 
between 600 𝑛𝑚 to 700 𝑛𝑚 which is in the visible red region of the spectrum. 𝐶𝑒3+ lowest 
internal transitions are between 5𝑑 ( 𝐷3/2
2 ) and 4𝑓 ( 𝐹2 7/2, 𝐹
2
5/2) energy state around 3 to 
4 𝑒𝑉 or between 300 𝑛𝑚 to 400 𝑛𝑚 which is in the blue/𝑈𝑉 spectral region. 𝑌𝑏3+ lowest 
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transitions are between 4𝑓 ( 𝐹2 5/2)  to the 4𝑓 ( 𝐹
2
7/2)  energy state around 1.3 𝑒𝑉 which is 
slightly into the 𝑁𝐼𝑅 spectrum region. 
 
𝑬𝒖𝒓𝒐𝒑𝒊𝒖𝒎 (𝑬𝒖𝟑+) 
Host material Luminescence peak/s Main transition Reference 
𝑳𝒂(𝑶𝑯)𝟑 479, 538 and 559 𝑛𝑚 4F7/2, 2H11/2 and 4S3/2 levels 
to the 4I15/2 level 
[96] 
𝑳𝒊𝟐𝑺𝒊𝑶𝟑 Crystal 610, 631, 671 and 723 𝑛𝑚  𝐷
5
0 → 𝐹
7
𝑗  (𝑗 = 1,2,3 and 4), 
Dominant = 𝐷5 0 → 𝐹2
7  
[97] 
𝑺𝒊𝑶𝟐 Sol-Gel 590, 615 and 700 𝑛𝑚 𝐷
5
0 → 𝐹
7
𝑗  (𝑗 = 1,2, and 4), 
Dominant = 𝐷5 0 → 𝐹2
7  
[98] 
𝑺𝒏𝑶𝟐 (Nanoparticles) 596 and 615 𝑛𝑚 𝐷
5
0 → 𝐹
7
𝑗  (𝑗 = 1, and 2), 
Dominant = 𝐷5 0 → 𝐹2
7  
[99] 
𝑮𝒂𝑵 Film 600, 621 and 663 𝑛𝑚 𝐷5 0 → 𝐹
7
𝑗  (𝑗 = 1,2, and 3), 
Dominant = 𝐷5 0 → 𝐹2
7  
[100] 
𝑮𝒂𝑵 grown on 𝑨𝒍𝟐𝑶𝟑 and 
𝑺𝒊 
622 𝑛𝑚 𝐷5 0 → 𝐹2
7  [101] 
𝑳𝒂𝑶𝑩𝒓 618 and 627 𝑛𝑚 𝐷5 0 → 𝐹2
7  [102] 
𝑮𝒅𝑶𝑩𝒓 620 and 629 𝑛𝑚 𝐷5 0 → 𝐹2
7  [102] 
𝒀𝑶𝑩𝒓 621 𝑛𝑚 𝐷5 0 → 𝐹2
7  [102] 
𝑪𝒅𝑺– 𝑺𝒊𝑶𝟐 580, 595, 613, 652 and
 703 𝑛𝑚 
𝐷5 0 → 𝐹
7
𝑗  (𝑗 = 0,1,2,3 and 4)  
Dominant = 𝐷5 0 → 𝐹2
7  
[103] 
𝑪𝒅𝑺𝒆 nanoparticles 614 𝑛𝑚 𝐷5 0 → 𝐹2
7  [104] 
𝑪𝒂𝟑(𝑩𝑶𝟑)𝟐 Crystal 612 𝐷
5
0 → 𝐹2
7  [105] 
Fluoride Glasses 578, 591,615,648 and
 691 𝑛𝑚 
𝐷5 0 → 𝐹
7
𝑗  (𝑗 = 0,1,2,3 and 4) 
Dominant = 𝐷5 0 → 𝐹2
7  
[106] 
𝒁𝒏𝑶 580, 590, 621, 650 and
 700𝑛𝑚 
𝐷5 0 → 𝐹
7
𝑗  (𝑗 = 0,1,2,3 and 4) 
Dominant = 𝐷5 0 → 𝐹2
7  
[107] 
Table 31: List of 𝐸𝑢3+ luminescence peaks and their main transitions in different host materials. 
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𝑪𝒆𝒓𝒊𝒖𝒎 (𝑪𝒆𝟑+) 
Host material Luminescence peak/s Main transition Reference 
𝑺𝒊𝑶𝟐 Film (99.99%) 364 and 500 𝑛𝑚 𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
 [108] 
𝑺𝒊𝑶𝟐 Sol-Gel 357 and 450 𝑛𝑚 𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
 [109] 
𝑺𝒊𝑶𝟐 Sol-Gel 
(Glass) 
360 and 450 𝑛𝑚 𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
 [110] 
𝑺𝒓𝟐𝑩𝟓𝑶𝟗𝑪𝒍 322 and 344 𝑛𝑚  𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
 [111] 
 
𝑪𝒆𝟐𝑺𝒊𝟐𝑶𝟕 388 𝑛𝑚 𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
 [112] 
𝑵𝒂𝟐𝑺𝑶𝟒 Crystal 335 and 356 𝑛𝑚 𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
 [113] 
𝑪𝒂𝑺𝑶𝟒 Crystal 310 and 329 𝑛𝑚 𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
[114]  
𝑪𝒂𝑭𝟐 Crystal 320 and 340 𝑛𝑚  𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
 [115] 
𝑪𝒂𝟑(𝑩𝑶𝟑)𝟐 Crystal 392 and 421 𝑛𝑚  𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
 [105] 
𝑺𝒓𝑺 Crystal 480 and 535 𝑛𝑚 𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
 [116] 
𝑺𝒓𝑺𝒆 Crystal 470 and 527 𝑛𝑚 𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
 [116]  
𝑳𝒊𝟐𝑺𝒊𝑶𝟑 Crystal 353 and 402 𝑛𝑚 𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
[117]  
𝑳𝒊𝟐𝑪𝒂𝑺𝒊𝑶𝟒 Crystal 370 and 410 𝑛𝑚 𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
[118]  
𝑳𝒊𝑪𝒂𝑷𝑶𝟒 Crystal 360 and 390 𝑛𝑚 𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
 [118]  
𝑪𝒂𝑩𝑷𝑶𝟓 Crystal 320 and 340 𝑛𝑚  𝐷3/2
2
  →  𝐹2 𝑗  (𝑗 = 1, 2) 
 [118]   
𝑰𝒏𝑷 Crystal 3600 𝑛𝑚 𝐹2 7/2 →  𝐹5/2
2   [119]  
Table 32: List of 𝐶𝑒3+ luminescence peaks and their main transitions in different host materials. 
 
 𝒀𝒕𝒕𝒆𝒓𝒃𝒊𝒖𝒎 (𝒀𝒃𝟑+)   
Host material Luminescence peak/s (wavelength/s) Main transition Reference 
𝒁𝒏𝑺 Nanocrystals 977 𝑛𝑚 𝐹2 5/2  →  𝐹7/2
2   [120] 
𝑰𝒏𝑷  918 𝑛𝑚 𝐹2 5/2  →  𝐹7/2
2  [121] 
Nanocrystalline 𝑺𝒊 thin films 980 and 1036 𝑛𝑚 (980 𝑛𝑚 Dominant) 𝐹2 5/2  →  𝐹7/2
2  [122] 
𝑮𝒂𝑵 992 𝑛𝑚 𝐹2 5/2  →  𝐹7/2
2  [123] 
𝑨𝒍𝑵 975 𝑛𝑚 𝐹2 5/2  →  𝐹7/2
2  [124] 
𝑰𝒏𝑷  1000 and 1010 𝑛𝑚 𝐹2 5/2  →  𝐹7/2
2  [125] 
𝑮𝒂𝑷 990 𝑛𝑚 𝐹2 5/2  →  𝐹7/2
2  [125] 
𝑮𝒂𝑨𝒔 990 and 1004 𝑛𝑚 𝐹2 5/2  →  𝐹7/2
2  [125] 
Table 33: List of  𝑌𝑏3+ luminescence peaks and their main transitions in different host materials. 
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The main luminescence peaks from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped in Si samples with dislocation 
loops in figure 149 have been red-shifted tremendously. The emissions are shifted from the 
conventional lowest internal energy transition in 𝐸𝑢3+ the emission is shifted from 
~600 𝑛𝑚 around the red spectrum, to ~ 1400 𝑛𝑚 in 𝑆𝑖: 𝐵&𝐸𝑢, while in 𝐶𝑒3+ from ~350 𝑛𝑚 
around the blue/𝑈𝑉 spectrum to ~1450 𝑛𝑚 in 𝑆𝑖: 𝐵&𝐶𝑒 and for 𝑌𝑏3+ is shifted from 
~980 𝑛𝑚 near the 𝑁𝐼𝑅 region to ~ 1300 𝑛𝑚 in 𝑆𝑖: 𝐵&𝑌𝑏 sample. These new shifted 
luminescence peaks we attribute as the novel 𝑆𝑖 modified 𝑅𝐸 transitions where transitions from 
the lowest internal transition of 𝐷0
5  for 𝐸𝑢3+, 𝐷3/2
2  for 𝐶𝑒3+ and 𝐹2 5/2 for 𝑌𝑏
3+ which is 
conventionally the starting excited state has been substituted by the 𝑆𝑖𝐶𝐵 instead. The energy 
barrier induced by the dislocation loops has forced the carriers to radiatively recombine directly 
from the 𝑆𝑖𝐶𝐵 to the individual intrinsic 𝑅𝐸 ground state energy levels, 4𝑓 [ 𝐹
7
𝑗  (𝑗 = 0,1,2,3)] 
for 𝐸𝑢3+, 4𝑓 ( 𝐹2 7/2, 𝐹
2
5/2) for 𝐶𝑒
3+ and 4𝑓 ( 𝐹2 7/2) for 𝑌𝑏
3+. 
 
Figure 151 is compiled from each 𝑅𝐸’𝑠 temperature dependent experiments of the main 
luminescence peaks position against temperature. The figure shows that the main luminescence 
peaks are shifting with increasing of temperature and this shifting follows closely the shifting 
of the 𝑆𝑖 band edge luminescence peak [82]. The 𝑆𝑖 𝐸𝑔 is known to be temperature dependent 
while the transition between the internal energy states of 𝑅𝐸 elements is known to be highly 
insensitive to temperature variation [63]. The shifting of the 𝑅𝐸𝑠 main luminescence peaks 
with temperature also suggest that the transitions are closely related with the 𝑆𝑖 band edge 
energy level. 
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Figure 151: Graph of luminescence peaks position (𝑛𝑚) vs. sample temperature (𝐾) for 𝐸𝑢, 𝐶𝑒, and 𝑌𝑏 doped 𝑆𝑖 
main luminescence peaks. The lines are connected between data points. 
 
Further detailed analysis of crystal field parameters (𝐶𝐹𝑃) and comparison of spectral 
energy spacing of  𝐸𝑢3+, 𝐶𝑒3+ and 𝑌𝑏3+ implanted in 𝑆𝑖 and in other host semiconductor 
materials have been published by us recently [126]: The report shows that energy splitting 
between the experimental 𝑆𝑖: 𝐵&𝐸𝑢, 𝑆𝑖: 𝐵&𝐶𝑒 and 𝑆𝑖: 𝐵&𝑌𝑏 data with the theoretical fits 
obtained from the crystal field analysis and the energy splitting from 𝐸𝑢3+, 𝐶𝑒3+ and 𝑌𝑏3+ 
implanted in different other host materials is very close in comparison. The report also shows 
a trend of linear changes of 𝐶𝐹𝑃 value across the lanthanide series, which together with the 
close correspondence in energy splitting confirms that the luminescence peaks from the 
𝑆𝑖: 𝐵&𝐸𝑢, 𝑆𝑖: 𝐵&𝐶𝑒 and 𝑆𝑖: 𝐵&𝑌𝑏 𝑃𝐿 spectra originate from transitions to the 𝐸𝑢3+, 𝐶𝑒3+ and 
𝑌𝑏3+ 𝑓-shells energy levels.  
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Figure 152: Comparison of energy splitting from the 𝑆𝑖: 𝐵&𝐸𝑢, 𝑆𝑖: 𝐵&𝐶𝑒 and 𝑆𝑖: 𝐵&𝑌𝑏 experimental data with 
the theoretical fit obtained from crystal field analysis and with 𝑎) 𝐸𝑢3+ free ions, energy splitting of 𝑏) 𝐶𝑒3+ 𝑐) 
𝑌𝑏3+ in other host materials. The graphs are copied from [126]. 
 
Figure 153 shows the proposed alignment of the internal energy levels and manifolds 
of  𝐶𝑒3+, 𝐸𝑢3+ and 𝑌𝑏3+ with the 𝑆𝑖 energy band and the proposed novel 𝑆𝑖 modified 𝑅𝐸 
transitions from the 𝑆𝑖𝐶𝐵 to each 𝑅𝐸’𝑠 manifolds below the 𝑆𝑖𝐶𝐵. The transitions indicated in 
the figure are observed in the experimental results for the 𝑅𝐸 implanted in the 𝑆𝑖. There are 
more luminescence peaks observed from the 𝐸𝑢3+ doped in 𝑆𝑖 sample as there are more energy 
levels and energy splitting in 𝐸𝑢3+ ion 𝑓-shells compared to 𝐶𝑒3+ and 𝑌𝑏3+.  
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Figure 153: Proposed alignment of the internal 𝐶𝑒3+, 𝐸𝑢3+ and 𝑌𝑏3+ energy levels and manifolds with the 𝑆𝑖 energy 
bands. The transition from the 𝑆𝑖 - 𝐶𝐵 to the 𝐹2 7/2 and 𝐹
2
5/2 manifolds in 𝐶𝑒
3+, to the 𝐹7 𝑗  manifolds in 𝐸𝑢
3+ 
and to the 𝐹2 7/2 manifolds in the 𝑌𝑏
3+ are indicated as observed in the experimental results. Illustration is redrawn 
from [126]. 
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7.2 TEMPERATURE DEPENDENT 
 
  
Figure 154: Graph of integrated intensity (𝑎. 𝑢.) against temperature (𝐾) from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 sample. 
𝑎) 𝑃𝐿 taken from 80 –  300 𝐾, 𝑏) 𝐸𝐿 taken from 80 –  300 𝐾. 
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Figure 154 shows the integrated intensity of 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 sample against 
temperature between 80 𝐾 𝑡𝑜 300 𝐾. The luminescence intensity quenches with temperature, 
even though all 3 samples quench at room temperature, the main luminescence peaks can be 
observed up to 160 𝐾 of temperature. However, the luminescence intensity from 𝐸𝑢 sample 
from both 𝑃𝐿 and 𝐸𝐿 experiment at 80 𝐾 is the brightest recorded comparing from 𝑃𝑟, 𝑁𝑑, 
𝑆𝑚, 𝐺𝑑, 𝑇𝑏, 𝐷𝑦, 𝐻𝑜, 𝐸𝑟 and 𝑇𝑚 doped Si studied previously. The activation energy which 
leads to the thermal quenching phenomenon can be described using the Arrhenius equation 
[127] shown below:  
 
𝐼 =
𝐼𝑜
1 + 𝐶 exp(−𝐸𝑎/(𝑘𝑏𝑇)
 
Equation 2: Arrhenius equation. 
 
Where 𝐼𝑜 is the luminescence intensity at room temperature, 𝐼 is the luminescence intensity at 
the given temperature, 𝐶 is a constant, 𝐸𝑎 is the activation energy for the thermal quenching, 
𝑘𝑏 is the Boltzmann constant (8.626𝑥10
−15 𝑒𝑉). 𝐸𝑎 can be obtained by re-arrange the equation 
2 into equation of 𝐼𝑜/𝐼  and then natural log both side of the equation into equation 3. 
 
ln (
𝐼0
𝐼
) = −
𝐸𝑎
𝑘𝑏𝑇
+ ln 𝐶 
Equation 3: Natural log of the transposed Arrhenius equation.  
 
Now equation 3 is in the form of linear equation 𝑦 =  𝑚𝑥 +  𝑐, where 𝑦 =  𝑙𝑛 (𝐼𝑜/𝐼 ), 𝑚 =
 − 1/𝑇, 𝑥 =  𝐸𝑎/𝑘𝑏 and 𝑐 =  𝑙𝑛 𝐶. “𝑥” is the slope of the linear equation, therefore 𝐸𝑎 =
 slope 𝑥 𝑘𝑏. 
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EUROPIUM 
 
Figure 155: Graph of the natural log of the transposed Arrhenius equation (𝑎. 𝑢. ) against 1/temperature (1/𝐾) 
from 𝐸𝑢 doped 𝑆𝑖. The data are taken from integration intensity between 1196 𝑛𝑚 (1.04 𝑒𝑉) to 1700 𝑛𝑚 
(1.73 𝑒𝑉) at different temperatures between 80 𝐾 to 300 𝐾. 𝐸𝑎 is the activation energy. 
 
 CERIUM 
 
Figure 156: Graph of the natural log of the transposed Arrhenius equation (𝑎. 𝑢. ) against 1/temperature (1/𝐾) 
from 𝐶𝑒 doped 𝑆𝑖. The data are taken from integration intensity between 1196 𝑛𝑚 (1.04 𝑒𝑉) to 1850 𝑛𝑚 
(0.67 𝑒𝑉) at different temperatures between 80 𝐾 to 300 𝐾 The integration is made.  𝐸𝑎 is the activation energy. 
 
 
0.002 0.004 0.006 0.008 0.010 0.012 0.014
-4
-2
0
2
4
6
8
 1.04 - 0.73 eV
 Linear Fit of Ln (Io/I -1) (1)
 Linear Fit of Ln (Io/I -1) (2)
L
n
 (
Io
/I
 -
1
) 
(a
.u
)
1/Temperature (K
-1
)
0.002 0.004 0.006 0.008 0.010 0.012 0.014
-4
-2
0
2
4
6
 1.04 - 0.67 eV
 Linear Fit of Ln (Io/I -1) (1)
 Linear Fit of Ln (Io/I -1) (2)
L
n
 (
Io
/I
 -
1
) 
(a
.u
)
1/Temperature (K
-1
)
𝐸𝑎 = 178.24 𝑚𝑒𝑉 (± 7.68 𝑚𝑒𝑉) 
𝐸𝑎 = 44.94 𝑚𝑒𝑉 (± 0.81 𝑚𝑒𝑉) 
𝐸𝑎 = 192.13 𝑚𝑒𝑉 (± 4.88 𝑚𝑒𝑉) 
𝐸𝑎 = 43.04 𝑚𝑒𝑉 (± 3.43 𝑚𝑒𝑉) 
  
254 CHAPTER 7 – RESULTS DISCUSSION 
YTTERBIUM 
 
Figure 157: Graph of the natural log of the transposed Arrhenius equation (𝑎. 𝑢. ) against 1/temperature (1/𝐾) 
from 𝑌𝑏 doped 𝑆𝑖.The data are taken from integration intensity between 1196 𝑛𝑚 (1.04 𝑒𝑉) to 1700 𝑛𝑚 
(1.73 𝑒𝑉) at different temperatures between 80 𝐾 to 300 𝐾. 𝐸𝑎 is the activation energy. 
 
Figure 155, figure 156 and figure 157 show the plot of  𝑙𝑛 (𝐼𝑜/𝐼 ) from equation 3 
against  inverse tempeture (1/𝐾) from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 sample. The figures show 2 
different activation energies can be extracted from 𝐸𝑢 and 𝐶𝑒 sample, one at higher 
temperature (red line) and one for the lower temperature (green line) but only one activation 
energy can be extracted at higher temperature from the 𝑌𝑏 sample as figure 154 shows that the 
integrated intensity for 𝑌𝑏 sample did not quench but increased between 80 𝐾 to 100 𝐾 in 𝑃𝐿 
and between 80 𝐾 to 120 𝐾 in 𝐸𝐿 setup. The reason for the increasing luminescence intensity 
between 80 𝐾 to 120 𝐾 is not yet known and further investigation is required.  
 
At higher temperature the value of 𝐸𝑎 from the fitting for the 𝐸𝑢 sample is 192.13 𝑚𝑒𝑉 
(±4.88 𝑚𝑒𝑉), which is higher compared to the 𝐶𝑒 and 𝑌𝑏 samples which are at  178.24 𝑚𝑒𝑉 
(± 7.68 𝑚𝑒𝑉) and  139.711 𝑚𝑒𝑉 (± 2.14 𝑚𝑒𝑉) respectively. At lower temperature the 𝐸𝑎 
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value for Eu and Ce sample is approxmately the same at 43.04 𝑚𝑒𝑉 (± 3.43 𝑚𝑒𝑉) and 
44.94 𝑚𝑒𝑉 (± 0.81 𝑚𝑒𝑉) respectively. The value 𝐸𝑎 at lower temperature is close to the 
energy different between the top of the 𝑆𝑖𝑉𝐵  and the shallow acceptor energy level around 
45 𝑚𝑒𝑉 for 𝐵 ions. The quenching of luminescence intensity at lower temperature may be 
attributed to the ionization of free carriers from the 𝑆𝑖𝑉𝐵 to shallow acceptor level as 
temperature increases. The quenching effect at higher temperature is suggested due to the 
decreasing of excitation efficiency with the enhancement of non-radiative surface 
recombination. 
7.3 PRE-ANNEALING DEPENDENT 
 
Figure 158: Graph of intensity (𝑎. 𝑢.) of the main luminescence peak against different pre-annealing time ranging 
from 1 𝑚𝑖𝑛 up to 60 𝑚𝑖𝑛 for the 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 sample. The lines are connected between data points. 
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Figure 159: Plan and cross sectional view of 𝑇𝐸𝑀 and graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength 
(𝑛𝑚) for sample 𝐸𝑢3_𝐻 which is not pre-annealed. The sample is excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser at 80 𝐾 
of sample temperature. 
 
Figure 160: Plan and cross sectional view of 𝑇𝐸𝑀 and graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength 
(𝑛𝑚) for sample 𝐸𝑢3_𝐴 which is pre-annealed for 1 𝑚𝑖𝑛. The sample is excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser 
at 80 𝐾 of sample temperature. 
 
Figure 161: Plan and cross sectional view of 𝑇𝐸𝑀 and graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength 
(𝑛𝑚) result for sample 𝐸𝑢3_𝐵 which is pre-annealed for 2 𝑚𝑖𝑛. The sample is excited using 50 𝑚𝑊 of 532 𝑛𝑚 
laser at 80 𝐾 of sample temperature. 
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Figure 162: Plan and cross sectional view of 𝑇𝐸𝑀 and graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength 
(𝑛𝑚) for sample 𝐸𝑢3_𝐶 which is pre-annealed for 5 𝑚𝑖𝑛. The sample is excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser 
at 80 𝐾 of sample temperature. 
 
Figure 163: Plan and cross sectional view of 𝑇𝐸𝑀 and graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength 
(𝑛𝑚) for sample 𝐸𝑢3_𝐷 which is pre-annealed for 10 𝑚𝑖𝑛. The sample is excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser 
at 80 𝐾 of sample temperature. 
 
Figure 164: Plan and cross sectional view of 𝑇𝐸𝑀 and graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength 
(𝑛𝑚) for sample 𝐸𝑢3_𝐸 which is pre-annealed for 20 𝑚𝑖𝑛. The sample is excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser 
at 80 𝐾 of sample temperature. 
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Figure 165: Plan and cross sectional view of 𝑇𝐸𝑀 and graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength 
(𝑛𝑚) for sample 𝐸𝑢3_𝐹 which is pre-annealed for 40 𝑚𝑖𝑛. The sample is excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser 
at 80 𝐾 of sample temperature. 
 
Figure 166: Plan and cross sectional view of 𝑇𝐸𝑀 and graph of luminescence intensity (𝑎. 𝑢.) vs. wavelength 
(𝑛𝑚) for sample 𝐸𝑢3_𝐺 which is pre-annealed for 60 𝑚𝑖𝑛. The sample is excited using 50 𝑚𝑊 of 532 𝑛𝑚 laser 
at 80 𝐾 of sample temperature. 
 
Figure 158 shows the main luminescence peak intensity from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 
with respect to each sample’s brightest peak against pre-annealing time. The 𝐶𝑒 sample is able 
to achieve highest luminescence intensity when the sample is not pre-annealed while 𝐸𝑢 and 
𝑌𝑏 sample is able achieve their highest luminescence intensity when the sample is pre-annealed 
for 1 min. The results show that the luminescence intensity from all 3 sample quenches 
drastically as the samples were pre-annealed for more than 1 min.  
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Figure 159 to figure 166 show the plan and cross sectional 𝑇𝐸𝑀 results are taken from 
the 𝐸𝑢 sample as 𝐸𝑢 doped 𝑆𝑖 gives the brighter luminescence intensity than the 𝐶𝑒 and 𝑌𝑏 
samples. The 𝑇𝐸𝑀 samples are prepared using a low angle 5 𝑘𝑒𝑉 argon ion beam thinning, the 
microscopy was done using a Philips 𝐸𝑀 400 T operated at 120 𝑘𝑉 and 𝐶𝑀 200 electron 
microscopes operated at 200 𝑘𝑉. Together with the 𝑇𝐸𝑀 results the figures also include 𝑃𝐿 
response of the sample at the different pre-annealing time. 
 
The cross sectional 𝑇𝐸𝑀 result in figure 159 shows a thin dark line around 110𝑛𝑚 
below the surface of the sample, this is the region where the 𝐵 ions are implanted at 30 𝑘𝑒𝑉 to 
create an array of dislocation loops. The implanted 𝐵 causes displacement of 𝑆𝑖 atoms from 
their lattice sites and further thermal treatment caused the interstitial 𝑆𝑖 atoms to form 
dislocation loops of a suitable size and density [54]. The thin line shows that the dislocation 
loops are fully formed yet when the sample is not pre-annealed and the plan view 𝑇𝐸𝑀 result 
shows a very low density of dislocation loops in the area. Therefore, not enough strain can be 
introduced to the local surrounding of the implanted 𝐵 needed to modify the band energy and 
to create potential barrier for suppressing onward carrier diffusion leading to nonradiative 
recombination at the surface.   
 
When the sample is pre-annealed for 1 min as shown in figure 160, the 𝑇𝐸𝑀 result 
shows that a thick array and plane of dense interstitial dislocation loops is formed below the 
surface at the region where the 𝐵 ion was implanted. The dislocation loops need to be formed 
in a plane with the correct density and sizes in a correct location below the surface of the sample 
in order to form a good continuous barrier to prevent onward carrier transport [55]. When the 
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sample is pre-annealed for longer time the plan view of the 𝑇𝐸𝑀 results show that the perfect 
dislocation loops are reduced in size and the density of the dislocation loops formed slowly 
loses its regularity and the array of the dislocation loops also become more spatially separate 
apart which is then reducing the potential barrier induced by the dislocation loops. The 
reduction of dislocation loops’ density is due to the diffusion of Si interstitials to the surface or 
becoming more incorporated in the crystal lattice [128].  
7.4 POST-IMPLANTATION DOSE DEPENDENT 
  
Figure 167: Graph of main luminescenc peak intensity vs 𝑅𝐸 ion implantation dose (𝑐𝑚−2) for 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 
doped 𝑆𝑖. 
 
Figure 167 shows the luminescence peak intensities from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 with 
respect to each sample’s brightest peak against 𝑅𝐸 ion implantation dose measured at 80𝐾. All 
3 samples show that increasing the 𝑅𝐸 ion implantation dose increases the luminescence 
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intensity from the 𝑅𝐸 until they reach their optimum dose where the luminescence intensity 
quenches when the 𝑅𝐸 ions are implanted above the optimum dose. As more 𝑅𝐸 ions are 
implanted into the optical active region the higher rate radiative transition are more likely to 
occur between the conduction band edge and the 𝑅𝐸 energy levels below the 𝑆𝑖𝐶𝐵. The 
luminescence quenching occurring at higher 𝑅𝐸 implantation dose is believed due to higher 
crystal damage caused by higher ion bombardment density during implantation and also the 
precipitation of excess of implanted 𝑅𝐸 ions above the solubility limits [74]. 
7.5 POST-ANNEALING TEMPERATURE DEPENDENT 
.  
Figure 168: Graph of luminescence intensity (𝑎. 𝑢. ) against different post annealing temperature (°𝐶) for 𝐸𝑢, 𝐶𝑒 
and 𝑌𝑏 doped 𝑆𝑖 in 𝑆𝑂𝐼 and 𝑏𝑢𝑙𝑘 samples at 80 𝐾. 
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Figure 168 shows set of peak intensity against post-annealing temperature graphs from 𝐸𝑢, 
𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 samples measured at 80 𝐾 of temperature. The luminescence intensity 
from all 3 𝑅𝐸𝑠 doped in the 𝑆𝑂𝐼 sample are lower than in bulk sample because of lower 
implantation dose and energy is used to implant 𝐵 and 𝑅𝐸 ions into the thin 1500 𝑛𝑚 𝑆𝑖 layer 
on top of a 1000 𝑛𝑚 buried 𝑆𝑖𝑂2 layer of 𝑆𝑂𝐼 sample.  
  
In general, the figure shows that emission intensity from all the samples reaches their 
optimum intensity when post-annealed between 750 °𝐶 – 800 °𝐶 and quenches above 825 °𝐶 
of post-annealing temperature. As the post-annealing temperature increases the damaged lattice 
which resulted from ion bombardments into the crystal is repairing thermally and the implanted 
and 𝑅𝐸 ions are being activated as they move into the lattice sites gaining energy from the heat. 
A higher rate of radiative recombination can take place as more 𝑅𝐸 ions are optically activated 
and thus contribute to increasing emission intensity.  
 
The quenching of intensity when the sample is post-annealed at higher temperature is likely 
due to the 𝑅𝐸 ions forming complexes with other impurities in the substrate which become 
mobile in the substrate with increasing temperature, thus reducing the optically active 𝑅𝐸 ions 
concentration and resulting in the luminescence quenching [75]. When the samples are post-
annealed between 900 °𝐶 and 1000 °𝐶 the dislocation loops also start to lose their suitable 
shape and density which reduces the effectiveness of the spatial carrier confinement barrier 
induced by the dislocation loops. 
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7.6 CO-IMPLANTATION WITH 𝑶 
 
Figure 169: Graph of luminescence intensity (𝑎. 𝑢. ) against temperature (𝐾) for 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 with 
and without co-doping of 𝑂 ion. 
 
Enhancement in luminescence intensity when co-doping 𝐸𝑟 with 𝑂 in 𝑆𝑖 has been 
recorded previously [129]. The enhancement was suggested due to the formation of 𝐸𝑟 − 𝑂 
complexes which acts as luminescence centres for the 𝐼13/2  →  𝐼15/2 transitions in the 𝐸𝑟 3+ 
in 4f shell. Figure 169 shows the main luminescence peak intensity from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 
𝑆𝑖 with and without co-doping of 𝑂 between 80 𝐾 to 300 𝐾. The main luminescence peak 
intensity from both 𝐶𝑒 and 𝐸𝑢 sample doesn’t show any significant improvement when co-
doped with 𝑂. The quenching rate from both 𝐶𝑒 and 𝐸𝑢 sample also does not show any 
improvement when co-doped with 𝑂. Surprisingly the luminescence intensity from the 𝑌𝑏 
sample is enhanced to almost 40 time greater when co-doped with 𝑂. This suggests that the 
enhancement of luminescence intensity with 𝑂 co-doping depends on specific 𝑅𝐸 implanted 
in 𝑆𝑖.
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8. CONCLUSION AND FUTURE WORKS 
8.1 CONCLUSION 
In summary, the thesis has presented 𝑃𝐿 and 𝐸𝐿 characterisation of 𝐸𝑢3+, 𝐶𝑒3+ and 
𝑌𝑏3+ doped in 𝑆𝑖 and 𝐷𝐸𝐿𝐸𝐷 𝑆𝑖 samples for making active 𝑆𝑖 photonic devices. The 𝑃𝐿 and 
𝐸𝐿 spectra collected show the first and unexpected observation of a great shifting of emission 
from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏  in 𝑆𝑖 toward the 𝑁𝐼𝑅 region of the spectrum. The novel shifting in 
emission spectra are attributed to the direct involvement of the 𝑆𝑖𝐶𝐵 as starting excited state 
replacing the lowest internal transition of 𝐷0
5  for 𝐸𝑢3+, 𝐷3/2
2  for 𝐶𝑒3+ and 𝐹2 5/2 for 𝑌𝑏
3+ 
known conventionally. The new shifted luminescence peaks are very important as the position 
of the peaks are at the key 1300 – 1500 𝑛𝑚 optical communication wavelength. The main 
bright and sharp luminescence peaks observed from each 𝑅𝐸 in 𝑆𝑖 are summarized in the table 
below: 
𝑹𝑬 Main Luminescence Peaks  Proposed Peak's Transitions 
𝑬𝒖 1404 𝑛𝑚 (0.883 𝑒𝑉) 
1444 𝑛𝑚 (0.859 𝑒𝑉) 
𝑆𝑖𝐶𝐵 → 𝐹
7
1 , 𝐹
7
2  
𝑪𝒆 1400 𝑛𝑚 (0.886 𝑒𝑉) 
1440 𝑛𝑚 (0.861 𝑒𝑉) 
𝑆𝑖𝐶𝐵  →  𝐹
2
5/2 
𝒀𝒃 1295 𝑛𝑚 (0.957 𝑒𝑉) 
1335 𝑛𝑚 (0.929 𝑒𝑉) 
𝑆𝑖𝐶𝐵  →  𝐹7/2
2
 
Table 34: List of the main luminescence peaks from the 𝐸𝑢3+, 𝐶𝑒3+ and 𝑌𝑏3+ doped in 𝑆𝑖 with dislocation loops 
introduced and their proposed transition. 
 
The studies also show that the emission from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped 𝑆𝑖 samples are 
highly dependent on the sample fabrication parameters. The emissions from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏  in 
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𝑆𝑖 are possible with the existence of the dislocation loops formed by 𝐵 ion implantation which 
provide spatial confinement for the charge carriers preventing them to diffuse non-radiatively 
towards the surface. The pre-annealing time and temperature, 𝑅𝐸 ion implantation dose and 
temperature and post-annealing time and temperature for the samples’ fabrications highly 
influence the emission intensity from the 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 in 𝑆𝑖. The brightest emission for each 
𝑅𝐸 is achieved by preparing the sample according to the parameters listed in the table 35: 
 
Fabrication Parameters 𝑺𝒊: 𝑩&𝑬𝒖 𝑺𝒊: 𝑩&𝑪𝒆 𝑺𝒊: 𝑩&𝒀𝒃 
Pre-implantation Dose 1𝑥1015𝑐𝑚−2 of 𝐵  1𝑥1015𝑐𝑚−2 of 𝐵  1𝑥1015𝑐𝑚−2 of 𝐵 
Pre-annealing Temperature 950°𝐶 - 950°𝐶 
Pre-annealing Time 1 𝑚𝑖𝑛 - 1 𝑚𝑖𝑛 
Post-implantation Dose 1𝑥1014𝑐𝑚−2of 𝐸𝑢 1𝑥1013𝑐𝑚−2of 𝐶𝑒 5𝑥1013 𝑐𝑚−2of 𝑌𝑏 
Post-annealing Temperature 775°𝐶 750°𝐶 800°𝐶 
Post-annealing Time 1 𝑚𝑖𝑛 1 𝑚𝑖𝑛 1 𝑚𝑖𝑛 
Table 35: List of optimized samples’ fabrication parameters in enabling bright luminescence emission from 𝐸𝑢3+, 
𝐶𝑒3+ and 𝑌𝑏3+ doped in 𝑆𝑖.  
 
The emission intensity from the 𝐸𝑢 doped 𝑆𝑖 is the brightest sample compared to the 
emission from 𝐶𝑒 and 𝑌𝑏 studied in this thesis and from 𝑃𝑟, 𝑁𝑑, 𝑆𝑚, 𝐺𝑑, 𝑇𝑏, 𝐷𝑦, 𝐻𝑜, 𝐸𝑟 and 
𝑇𝑚 doped 𝑆𝑖 studied previously. The luminescence intensity from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏  quenches 
with temperature even though the quenching rate is greatly reduced in 𝑆𝑖 with the presence of 
dislocation loops but this effect can be reduced further and possibly reversed with further 
optimization of the dislocation loops introduced in the samples. 
   
The findings from the 𝑃𝐿 and 𝐸𝐿 investigations of 𝑆𝑖: 𝐵&𝐸𝑢, 𝑆𝑖: 𝐵&𝑌𝑏, and S𝑖: 𝐵&𝐶𝑒 
open the possibilities in realizing near- and mid-𝐼𝑅 𝑆𝑖 based photonic emitters operating at 
room temperature and new integrated photonics technologies. 
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8.2 FUTURE WORKS 
The direct involvement of 𝑆𝑖 band a primary state which substitutes the lowest excited 
state internal transition of 𝐷0
5  for 𝐸𝑢3+, 𝐷3/2
2  for 𝐶𝑒3+ and 𝐹2 5/2 for 𝑌𝑏
3+ observed in this 
investigation suggests that the alignments of 𝑅𝐸𝑠 levels when doped in semiconductor should 
be further investigated. 
 
The current samples used in this investigation have dislocation loops introduced via 𝐵 
implantation. For future work, the dislocation loops can be introduced into the sample using a 
neutral loop technology which uses the host atom itself, 𝑆𝑖 instead of 𝐵. By using 𝑆𝑖 as the 
loop implant, the effect of doping can be separated which is important in reducing or 
eliminating unnecessary losses resulted from free carriers. There are additional micro-
structural and optical optimization including additional implantation required for applying the 
neutral loops technology as 𝑆𝑖 and 𝐵 have different masses. 
 
The investigation of the emission from 𝐸𝑢, 𝐶𝑒 and 𝑌𝑏 doped in 𝑆𝑖 can be extended with 
optical gain measurements as previously performed on 𝐸𝑟 doped in 𝑆𝑖 [72]. The optimized 
sample fabrication parameter will be transferred and fabricated in 𝑆𝑂𝐼 material where a 
waveguide of 𝑆𝑖 high refractive index is formed in between the sample’s surface and the 𝑆𝑖𝑂2 
interface. The optical gain measurement can be performed on the experimental setup as shown 
in figure 170. The sample is mounted inside a cryostat and a 488 𝑛𝑚 laser probe modulated at 
a high frequency is used to excite at one end of the sample within the waveguide. A 514 𝑛𝑚 
pump laser modulated at lower frequency is focused on the waveguide strip where the 𝑃𝐿 from 
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the probe laser passes through. Two lock in amplifiers connected in series technique are used 
to measure the 𝑃𝐿 and the changes of 𝑃𝐿 from the sample. 
 
Figure 170: Illustration of the optical gain measurement setup. 𝑃𝐿 is excited by a probe laser at the end of the 
sample and is pumped by a pump laser at lower modulation frequency then the probe laser. Lock-in amplifier 1 
is used to measure the 𝑃𝐿 while the 2𝑛𝑑 lock-in amplifier connected in series measures the ∆𝑃𝐿. Illustration is 
copied from [72]. 
  
Future works also include performing 𝐸𝐿 measurement on 𝑆𝑂𝐼 samples (𝑆𝑂𝐼 𝐿𝐸𝐷𝑠) which are 
fabricated using the optimized fabrication parameters with implementation of neutral loops. 
The work includes varying implant implantation and annealing condition similar to what has 
been conducted in 𝑃𝐿 experiments on bulk samples but on different thickness of 𝑆𝑖 layers.
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[50] M. Milosavljević, G. Shao, M. a. Lourenco, R. M. Gwilliam, and K. P. Homewood, 
“Engineering of boron-induced dislocation loops for efficient room-temperature silicon 
light-emitting diodes,” J. Appl. Phys., vol. 97, no. 7, p. 073512, 2005. 
[51] M. Milosavljević, M. A. Lourenço, G. Shao, R. M. Gwilliam, and K. P. Homewood, 
“Optimising dislocation-engineered silicon light-emitting diodes,” Appl. Phys. B, vol. 
83, no. 2, pp. 289–294, Mar. 2006. 
[52] M. Milosavljević, M. A. Lourenço, G. Shao, R. M. Gwilliam, and K. P. Homewood, 
“Formation of dislocation loops in silicon by ion irradiation for silicon light emitting 
diodes,” Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. 
Atoms, vol. 266, no. 10, pp. 2470–2474, May 2008. 
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